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Abstract

The complexity of the cellular medium can affect proteins’ properties and therefore in-cell characterization of
proteins is essential. We explored the stability and conformation of BIR1, the first baculoviral IAP repeat domain
of X-chromosome-linked inhibitor of apoptosis (XIAP), as a model for a homo-dimer protein in human Hela cells.
We employed double electron-electron resonance (DEER) spectroscopy and labeling with redox stable and rigid
Gd** spin labels at three protein residues, C12 (flexible region), E22C and N28C (part of helical residues 26-31) in
the N-terminal region. In contrast to predictions by excluded volume crowding theory, the dimer-monomer
dissociation constant Kp was markedly higher in cells than in solution and dilute cell lysate. As expected, this
increase was recapitulated under conditions of high salt concentrations given that a conserved salt bridge at the
dimer interface is critically required for association. Unexpectedly, however, also the addition of a crowding agent
such as Ficoll destabilized the dimer, suggesting that Ficoll forms specific interactions with the monomeric
protein. Changes in DEER distance distributions were observed for the E22C site, which displayed reduced
conformational freedom in cells. Although overall DEER behaviors at E22C and N28C were compatible with a
predicted compaction of disordered protein regions by excluded volume effects, we were unable to reproduce
E22C properties in artificially crowded solutions. These results highlight the importance of in-cell DEER

measurements to appreciate the complexities of cellular in vivo effects on protein structures and functions.

Introduction

It is well known that intracellular environments affect the structural properties of proteins via macromolecular
crowding, spatial confinements and different types of cellular interactions. In turn, the stabilities, conformational
equilibria and rates of reactions of proteins in the cell may differ from isolated proteins’ behavior in test tubes

(1-7). In this context, a fifth level of protein structural organization called quinary structure was introduced (1, 4,
6). Quinary structure denotes the combined effects of cellular environment on individual proteins and it includes
the sum of all interactions that a protein experiences in cells. These appear to have co-evolved with protein
surface properties to ensure optimal functionality (8). Extensive theoretical (6, 9-11) and experimental efforts

have been directed towards understanding and elucidating quinary structure effects for different proteins (see
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recent reviews(1, 4, 6, 12, 13). Cellular macromolecular crowding described as hard-sphere excluded-volume
effects that are entropicin nature favor compact protein conformations, thus acting as stabilizing folded proteins
and enhancing protein-protein association (14). Enthalpic contributions via weak attractive or repulsive
interactions play equally important roles and can add to or counteract excluded volume effects (9, 15-20). To
understand the combined effects of the cellular milieu on protein structure, dynamics, stability, and interactions,
in-cell measurements are often combined with in vitro measurements under controlled conditions of artificial
crowding. Together, these approaches serve to rationalize observed differences between protein behaviors in
test tubes and in cells. The number of genuine in-cell studies is small because of the limitations the relevant
biophysical methods capable of providing such information face when applied to whole cells. Accordingly, cell
lysates are often used as surrogate models but they often fail to recapitulate in-cell effects (6, 21).

Currently most in-cell studies of proteins’ structure employ nuclear magnetic resonance (NMR), or fluorescence
spectroscopy(5, 22), each method having its advantages and limitations. In-cell FRET (Forster energy transfer) is
effective for monitoring protein-protein interactions, determining dissociation constants and identifying
conformational changes of appropriately fluorophore-labeled target proteins (23-25). In addition, fluorescence
correlation spectroscopy (FCS) can be used determine dissociation constants of protein oligomers in cells (26).
These techniques however, do not provide structural information on the individual protein-residue level. Recent
progress in in-cell NMR spectroscopy has shown that commonly used structural restraints, including nuclear
Overhauser effects (NOE) and residual dipolar couplings (RDC) (27-29) as well as paramagnetic restraints such as
pseudo-contact shifts (PCS) (30, 31), can be exploited to determine entire protein structures in intact cells.
Nonetheless, many proteins display poor in-cell NMR signal qualities (line broadening) due to restricted motions
and transient interactions with cellular components (3, 32, 33). In-cell studies using NMR and fluorescence
techniques reported on protein folding and stability in cells (17, 24, 34-40), structural changes of disordered
proteins (41-43) and, to some extent, on protein association e and the stabilization of oligomeric protein forms
(23, 25, 26).

EPR (electron-paramagnetic resonance)-based double electron—electron resonance (DEER, also called PELDOR)
spectroscopy has been suggested as an attractive alternative method to interrogate protein structures in cells
(21, 42, 44-55). DEER provides distance distributions between two spin labels attached to well-defined positions
in proteins (56) and can thus be used to probe proteins conformations and to deduce information about
oligomeric protein states (57, 58). DEER measurements are typically carried out on frozen solutions due to
relaxation-time limitations and, therefore, are limited in the dynamic information they can provide. Nonetheless,
the widths of distance distributions report on degrees of conformational freedom at the time of freezing. To date,
most of the published in-cell DEER studies have focused on establishing the methodology, on optimizing spin-
label performance and on demonstrating that such measurements are indeed feasible (46, 47, 49-53, 55). By

contrast, here we address a fundamental biological question by interrogating the stability of a homo-dimeric
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protein complex in human Hela cells and by comparing our findings to results that we obtain in dilute cell lysates

and under isolated buffer conditions.

The protein studied is the first baculoviral IAP repeat (BIR1) domain of X-chromosome-linked inhibitor of
apoptosis (XIAP). XIAP is a multidomain protein that is directly involved in caspase inhibition and is therefore a
potential target for cancer therapy (59, 60). XIAP also participates in receptor signaling, cell division, ubiquitin
ligation, and cellular copper homeostasis (61, 62). It harbors three zinc-binding BIR domains (BIR1-BIR3), the
second and third of which are responsible for interactions with caspase (63-66). The structures of the three BIR
domains have been determined by NMR spectroscopy and X-ray crystallography (63-69) and BIR1 has been found
to exist as a stable homodimer in vitro (63, 65, 66). Furthermore, interaction of BIR1 dimer with the TAK1-binding
protein TAB1 was reported to be essential for activation of the NF-kB signaling pathway (69). Residues 1-19 of N-
terminal BIR1 dimers are not observed in the X-ray structure (68, 69) (Fig. 1a), and they are highly flexible as
determined by NMR (67). The main interactions between BIR1 monomers are mediated by a salt bridge between
D71 in one monomer and R72 in the other; breaking this salt bridge produces the monomeric protein in solution
without major structural changes in domain architecture (67). In a previous study, we reported that in-cell NMR
spectra of °N-labeled BIR1 either overexpressed in E. coli, injected into Xenopus laevis oocytes, or transduced
into HKT293 cells showed no observable NMR signals (67), suggesting that cellular interactions broadened BIR1

resonances beyond detection.

In this work, and using BIR1 as a homodimeric model complex, we specifically asked: (i) How does the cellular
environment affect the stability of the BIR1 dimer in comparison to dilute cell lysate and isolated in a buffer
solution? (ii) Can we mimic in-cell behaviors under appropriate buffer conditions? (iii) Does the BIR1 domain
undergo structural changes in cells? We addressed these questions by W-band (95 GHz) DEER measurements of
site-specifically engineered BIR1 that we labeled with rigid paramagnetic Gd** tags (52, 53) via redox stable
thioether bond (C-S) formation (Figure 1b). Our results show that the monomer-dimer dissociation constant, Kp,
is higher in cells than in dilute lysate and buffer. This indicates that the intracellular environment of Hela cells
destabilizes the BIR1 dimer. We were able to reproduce this effect under high salt conditions in vitro and in
artificially crowded solutions. We additionally found that segmental motions of N-terminal BIR1 residues
experienced greater attenuations in intact cells than in cell lysate and buffer. We were unable to reproduce these
changes in the presence of salt or crowding. We discuss these results in light of the expected behavior by classic
excluded volume theory and with respect to earlier experimental observations pointing towards destabilizing

quinary structure effects.
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Figure 1. (a) Structural representation of dimeric BIR1 (PDB code: 2QRA(68)). N-terminal residues (1-19) are
indicated by black dashed lines as they are not observed in the crystal structure. In the dimer, distances between
Ca atom pairs of E22, V24, and N28, mutated to Cys for spin labeling, are indicated by colored dashed lines. Side
chains of S87, C63, C66, C90, and H83 of the zinc finger motif are shown as sticks. Zinc ions are indicated as black
spheres. The main interaction at the dimer interface is a salt bridge between D71 and R72. These residues are
shown as sticks and labeled. (b) Chemical reaction of site-specific BIR1 labeling with BrPSPy-DO3MA-Ln (R = CHs)
or BrPSPy-DO3A-Ln (R = H) for DEER and NMR measurements.

Results

Selection of spin labeling sites. In this workwe used two spin labels, BrPSPy-DO3A-Gd** and BrPSPy-DO3MA-Gd**
(52, 53) (see Fig. 1b), referred to as Gdl and Gdll hereafter. The linkage of these spin labels to the protein is rigid,
which minimizes contributions of inherent spin label dynamics to distance distributions, thereby increasing the
precision of measured distance information. While both spin labels produce similar distance distributions, Gdl
yields better sensitivity than Gdll because of its narrower EPR spectrum (52). To probe N-terminal part of BIR1,
we spin-labeled residues C12, E22C and N28C, which are far from the dimer interface in order to minimize
destabilizing the dimer or perturbing its three-dimensional (3D) structure. These sites are expected to exhibit
increasing flexibilities according to C12>E22>N28 based on the known BIR1 structure (see Fig. 1a). C12 resides in
the unstructured part of the N-terminal region, whereas residue E22 is located near the end of the flexible N-
terminal segment. N28 is located in the middle of the first BIR1 a-helix (68). We ligated Gdl and GdIl to C12 in
4
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wild type (WT) BIR1 and to the cysteins in the C12A/E22C and C12A/N28C generated mutants . In these
constructs, we mutated native C12 to alanine, such that each monomer contained only one labeling site (see
Methods section in Sl for details). In addition to C12, BIR1 harbors three additional cysteine residues, C63, C66,
and C90, that constitute a zinc binding site, which are critical for the stability of the BIR1 domain fold. Zinc removal
in the presence of excess EDTA results in unfolding (67). Mass spectrometry confirmed that each protein construct
was labeled at the expected, single site (Fig. S1, SI) and we found that both BrPSPy-DO3MA-Ln and BrPSPy-DO3A-

Ln tags do not compete with the zinc binding site.

Using NMR, we confirmed that ligation of WT BIR1 or its cysteine mutants with BrPSPy-DO3MA-Ln (Ln = Gd**,
Dy**, Tm**, or Y**) or GdI did not change the overall architecture of the domain (Fig. S2-S3, SI) and that zinc was
properly bound to C63, C66, and C90 (Fig. S1, SI). We experimentally confirmed the expected decrease in protein
motions along the C12, E22C and N28C series by paramagnetic NMR measurements (Fig. S3, Sl), wherePCS
increased as follows :C12<< E22C< N28C (Fig. S4, Sl). Because each BIR1 monomer contained one spin label, only
dimers should contribute DEER modulations. To verify this we carried out W-band DEER measurements on
monomeric D71N/R72E C12-GdlIl and on D71N/R72E/C12A/N28C- Gdll and as expected, the DEER traces did not
reveal modulations in solution (Fig. S5, SI). Next, we analyzed WT BIR1, C12A/E22C and C12A/N28C, labeled with
Gdl and Gdll in frozen solutions, in Hela cell lysates and intact Hela cells. For the latter, we delivered spin-labeled
BIR1 into the cell by electroporation(42, 70). Homogenous intracellular distribution of BIR1 was confirmed by
microscopy imaging of C12-ATTO488 fluorophore-labeled WT BIR1 (Fig. 2a). Examples of echo-detected EPR (ED-
EPR) spectra of C12A/E22C-Gdl in buffer, cell lysates and cells are shown in Fig. 2a. ED-EPR spectra of all the other
samples labeled with Gdl are depicted in Fig. S6, SI. All spectra in in cells and cell lysates displayed signals of

endogenous Mn?* (53, 54). Corresponding echo decay measurements are shown in Fig. S7, SI.
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Figure 2. (a) Fluorescence microscopy image of WT C12—-ATT0488 BIR1 after delivery into Hela cells by
electroporation. (b) Central transition regions of W-band ED-EPR spectra of C12A/E22C—GdI BIR1 in (i) buffer (200
MM BIR1), (ii) HeLa cell lysate (30 uM BIR1), (iii) intact Hela cells, and (iv) lysed Hela cells after BIR1 delivery and
incubation for 5 h at 37°C. All spectra were normalized and are shifted along the y axis to ease comparison. Signals

marked with asterisks correspond to cellular Mn?*,
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Cellular environments affect the conformations of BIR1 N-terminal flexible segments. DEER data from frozen
solutions (Fig. 3) confirmed BIR1 dimerization and revealed widths of distance distributions with the trend
C12>E22C>N28C. These results are consistent with the degrees of ligation site dynamics determined by NMR
spectroscopy and with expectation from the BIR1 crystal structure (Fig. 1a). Distance distributions in Hela cell
lysates (Fig. 3) were s to distributions measured in buffer with close modulation depths (A as defined in Fig. 3a).
These results suggested that dimer formation was favored in cell lysates despite significantly lower BIR1
concentrations (30 uM versus 200 puM, respectively). Distance distributions obtained for E22C and N28C mutants

agreed reasonably well with those predicted with MtssIWizard from the BIR1 crystal structure (71) (Fig. 3).

We measured broad distance distributions for WT BIR1 C12—Gdl in Hela cells, which indicated that this part
of the N-terminal segment remained flexible and unstructured. We also detected a narrow in-cell distance
distribution for C12A/N28C—Gdl, with small shifts of respective maxima (-0.2 nm) for the in-cell sample (Fig. 3e,f).
Similar results were obtained for Gdll-labeled BIR1 (Figs. S8—S10, Sl). By contrast, C12A/E22C-GdI BIR1 revealed
narrower distance distributions in cells than in lysates and buffer for both versions of spin-labeled BIR1 (i.e. GdlI
and Gdll) (Fig. 3d). We confirmed the reproducibility of this observation by additional triplicate measurements of
GdIl BIR1 constructs (Fig. S9, Sl). To further rationalize this discrepancy, we performed DEER measurements on
C12A/E22C-GdItransduced Hela cells that we lysed after 5 h of incubation at 37 °C in the EPR sample tube (see
Fig. 3c,d). In turn, we measured a broad distance distribution similar to primary lysates and in buffer. Surprisingly,
however, the modulation depth did not change and remained as low as in intact cells. The main difference
between these lysed in-cell samples and primary lysate specimens relates to the relative amounts of BIR1 versus
total cellular components, which are 5-7 time lower for the latter (see S| experimental section). Therefore, our
results demonstrated that intact cellular environments and genuine intracellular crowding conditions affected the
structural properties of the BIR1 domain around the region spanning E22C. Next, we set out to recapitulate these
effects with artificial crowding agents such as Ficoll and bovine serum albumin (BSA). Unexpectedly, we were
unable to achieve similar degrees of distance-distribution-narrowing (Fig. S11-12, Sl). We also failed to induce
such effects upon addition of a two-fold molar excess of trifluoroethanol (TFE), which is known to stabilize alpha-

helicity(72). By contrast, addition of a ten-fold excess of TFE abolished the modulations all together (Fig. S13, SI).
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Fig. 3. (a, ¢, e) W-band DEER data after background corrections (form factors, F(t)), fitting (gray lines)), and
respective distance distributions (b, d, f). Results for WT C12-GdlI (a, b), C12A/E22C-GdI (c, d), and C12A/N28C—
Gdl (e, f) in buffer (i, 200 uM BIR1, black), primary lysates (ii, 30 uM BIR1, blue), intact (iii, red) and lysed cells (iv,
green). Raw DEER data are in Sl Fig. S8—510. Distance distributions for C12A/E22C—GdlIl are shown in orange (d)
(see also Fig. S9, SI). Distance distributions predicted by MtssIWizard (71) (PDB code: 2QRA (40)) are indicated by
dashed lines (d, f). The arrow in (a) depicts the modulation depth A for the solution sample. Shown distance
distributions are normalized. We note that by breaking the cell membrane, the effective biomacromolecular

concentration reduced to 2-3 times lower than the intact cells.

To determine the extent by which the Hela cytoplasm modulates the dynamics of E22C proximal regions in
BIR1, we introduced additional single cysteine mutations at K19 and V24 for spin-labeling with Gdl. We measured
rather broad distance distributions for both mutants in buffer, similar what we determined for C12A/E22C-GdI
(Fig. 3d). Furthermore, the maximum distance distribution for C12A/V24C-Gdl was in good agreement with crystal
structure predictions (Fig. S14-5S15, Sl). Distance distributions of C12A/K19C—Gdl and C12A/V24C—Gdl in-cell

samples displayed only subtle differences that we deemed within the experimental error of the method.

DEER results indicate decreased stability of the BIR1 dimer in cells. Whereas in-cell DEER data of Gdl spin-
labeled BIR1 constructs (i.e. WT, C12A/K19C, C12A/E22C, C12A/V24C, and C12A/N28C) revealed the presence of
dimers in intact Hela cells, all exhibited A values that were 1/4—1/6 of the corresponding specimens in buffer (Fig.

3, and Fig. S14-S15, Sl). We noted similar properties for Gdll spin-labeled samples (see Fig. $S8-510, SI). These
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substantial reductions of modulation depths were in stark contrast to results in cell lysates, where A’s were only
marginally reduced. We expected cellular reduction in A in the cell owing to the presence of Mn?* (53). However,
and given the relative differences of Gd** and Mn?* in-cell signal intensities at the positions of the observe pulses
(maximum of the Gd** signal, see Fig. 2 and Fig. S6, SI), Mn?* effects should be too small to account for the large
decrease in A. Alternatively, we considered that changes in BIR1 monomer-dimer equilibria may cause the
observed effect. Low intracellular BIR1 concentrations may indeed shift the equilibrium towards higher amounts
of monomeric protein. To address this possibility, we measured dimer dissociation constant (Kp) from DEER
modulation depths, known to be proportional to % of dimers in solution (73). DEER experiments on buffer
solutions containing different concentrations of C12A/N28C-Gdl BIR1 (10-400 uM monomer) showed a clear
concentration dependence for A (Fig. 4a, b). Data fitting yielded Kp= 11.3 + 3.8 uM (Fig. 4c) (details in Sl).
Importantly, DEER traces produced equal distance distributions in all cases, except for the 10 uM sample, which
revealed broader distributions because of poor signal-to-noise ratios (SNR) and the ensuing uncertainties in

background decay traces (Fig. S16, SI).
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Fig. 4. BIR1 dimer dissociation constants from W-band DEER experiments. (a) Primary DEER data on C12A/N28C-
Gdl at indicated concentrations in 20 mM Tris (pH 7.2). Background decay traces shown in gray. (b) DEER form
factors after background removal and data fitting (gray lines) obtained with distance distributions shown in Figure
S164, Sl. (c) Modulation depths (A, black symbols) as functions of BIR1 concentrations (monomer) and the fit (red
line) to determine Kp. (d) Linear calibration curve with data points (black) from background decay slopes of
samples in (a) giving a slope of 6.0 + 0.53 x 10~ ps™! uM™L. Data points of in-cell samples are shown in red. For

plots in (c) and (d) solution samples data of all mutants labeled with Gdl were included.

We also measured the dimer dissociation constant of the C12A/S87A/N28C-Gdl mutant (Fig. 5). Notably,
mutation of S87 to alanine prevents cellular phosphorylation of S87, which, in turn, may impede dimer stability.
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The motivation for these experiments was the reported phosphorylation of XIAP at S87 by protein kinase C in
vitro and cells(74) and the lack of a DEER effect in solution for the S87E mutant labeled at C12 with GdIl (Fig. S5c,
SlI). The latter suggests that phosphorylation at this site should destabilize the dimer considering that S-to-E
mutation is often used to mimic phosphorylation (40). Measured concentration-dependent changes of A yielded

a Ko of 97.5 £ 22.6 uM, which is considerably larger than for WT BIR1.
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Fig. 5. BIR1 S87A/C12A/N28C-GdI dissociation constants from W-band DEER measurements. (a) Primary DEER
data at indicated protein (monomer) concentrations in 20 mM Tris (pH 7.2) with background decay traces shown
in gray. (b) DEER form factors after background subtraction and data fitting (gray lines) with distance distributions
shown in Fig. S16b, SI. (c) Modulation depths as a function of BIR1 concentrations and fit (red line) used to the
determine Kp. (d) Linear calibration curve with data points (black) from background decay slopes of samples

shown in (a), yielding a slope of 6.1 £ 0.13 x 107° us™! uM™2. Data points of in-cell samples are shown in red.

To substantiate the existence of a BIR1 monomer-dimer equilibrium, we carried out concentration-dependent
2D H-®N hetero-nuclear single quantum coherence (HSQC) NMR experiments on *N isotope-labeled, WT BIR1
(Fig. S17, SI). We obtained a Kp of 4.7 £ 2.0 uM (at 298 K), which was consistent with size-exclusion
chromatography results at different BIR1 concentrations (Fig. S18, SI). The determined Kp value is smaller than
that obtained by DEER, which likely reflected temperature effects between NMR (room temperature) and DEER
experiments (freezing point of samples) (75). The presence of spin-labels and 20% glycerol in the latter may have

further contributed to the observed differences. Similarly, the S87A BIR1 mutant exhibited a monomer—dimer
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equilibrium in buffer, as evidenced by size exclusion chromatography (Fig. $18, SI) and NMR spectroscopy (Fig.
S19, Sl). The Kp of this mutant, determined by NMR spectroscopy in analogy to WT BIR1, was 20.3 + 4.6 uM (at
298 K). This value is significantly higher than that of WT BIR1, consistent with our DEER results. This value is also

smaller than the one determined by DEER, as discussed earlier. Table | lists measured Kp values.

Table 1. Summary of the Kp values of BIR1 samples measured by DEER and NMR under various conditions.

Sample (DEER) Ko (DEER), uM Sample (NMR) Ko (NMR), uM

C12A/N28C-GdlI, 11.3+3.8 WT, solution 47+20

frozen solution

S87A/C12A/N28C-GdI 97.5+£22.6 S87A, solution 20.3t4.6

frozen solution

Frozen cells, all labeled | 126 +40
mutants

The evaluation of the expected in-cell A for the Kp value determined in frozen solutions requires the
knowledge of the in-cell protein concentrations. We determined the in-cell concentration of all mutants labeled
with Gdl from the DEER background decay. For frozen solutions with a homogenous distribution the slope of the
background decay is a function of the spin concentration (see Sl for details) (76, 56, 46). We generated a
calibration curve from a plot of the slope of the background decays for all solutions C12A/A28C-Gdl in buffer
against their respective protein concentrations (Figure 4d) and this was used to determine local in-cell
concentrations of delivered BIR1 (red symbols, Fig. 4c). Given the paramagnetic contributions of endogenous
Mn?%, delineated protein concentrations clearly represented upper-limit estimates and should be corrected.
Details of this procedure applied therein are described in Sl and Fig. S20. Realistic local in-cell concentrations were
in the range of 20-90 uM, 10—30% smaller than indicated by the primary data (Table S1, SI). Based on these results,
we back-calculated expected A’s assuming that dimer-monomer equilibria (and Kp values) are the same in buffer
and in cells. By comparing calculated A’s with experimental values, we noted large differences that clearly
exceeded contributions by inherent experimental errors (Fig. 6). For these reasons, we were unable to attribute
the significantly lower in-cell A values to reduced intracellular BIR1 concentrations alone. This conclusion was
further supported by the only marginally lower modulation depths of 30 uM BIR1 in cell lysates, compared to the
200 uM buffer samples (Fig. 3). Accordingly, we reasoned that low in-cell A’s may reflect altered dimer-monomer
equilibria in cells, with a significantly larger portion of monomeric BIR1 and a greater intracellular dimer-

dissociation constant. These considerations stipulated that the BIR1 dimer may be subject to substantial
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destabilization in intact Hela cells. Using the experimental in-cell A values and the in-cell corrected protein
concentrations for the five conjugates (WT BIR1, C12A/K19C, C12A/E22C, C12A/V24C and C12A/N28C), given in
Table S1, we calculated the in-cell Kp for each of the measured BIR1-GdIl conjugates under the assumption that

Ko is independent of the labeling site and obtained Kp= 126 + 40 uM.

34
e exp. = calc.
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S
=
: }
$ )
s (]
0

Cl2 KI9C E22C V24C N28C

Fig. 6. Comparison of the in-cell experimental A values for GdlI labeled BIR1 conjugates inside Hela cells (black
symbols) and in-cell expected A values (red squares) calculated using the solution Kp value and corrected in-cell

local concentrations determined from the solution calibration curve (Figure 4c).

To exclude the possibility that reduced in-cell modulation was a result of in-cell phosphorylation at residue
S87 we carried out in-cell DEER measurements on the S87A mutant that cannot be phosphorylated. Specifically,
we studies C12A/S87A/N28C—Gdl and C12A/S87A/E22C—GdlI (Fig. 520, SI) and both samples showed marginal or
no modulations in the cell; that is, the amounts of dimers were below the detection limit. We determined the
local in-cell concentrations of C12A/S87A/E22C—Gdl and C12A/S87A/N28C-Gdl from the calibration curve shown
in Fig. 5d and obtained ~90 uM and ~160 uM, respectively. Considering a 25% reduction due to Mn?
contributions, as explained above, this reduces to 67 and 120 uM. For such concentrations the DEER effect in
solution was significant (Fig. 5), indicating that that also for the S87A mutant, the solution Kp was smaller than the
in-cell Ko. We, thus, conclude from these measurements that the decreased A in cells is owing to the increase in

Kpand does not originate from phosphorylation of BIR1 in Hela cells after delivery.

Co-solute effects on BIR1-dimer dissociation constants. To understand the nature of altered dimer dissociation
constants in cells, we performed DEER experiments under artificially crowded in vitro conditions (77). In a first
step, we employed Ficoll (300 g/L) as a crowding agent and measured C12A/S87A/N28C-GdI BIR1 modulation
depths at various concentrations. At 100 uM of protein, we observed no modulations, which indicated that
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complete dimer dissociation had occurred (Fig. S21a, b). Addition of 150 g/L and 300 g/L of Ficoll to 150 uM BIR1
reduced modulation depths, suggesting progressive dimer destabilization and enhanced dissociation (Figure S21c,
d). Interestingly, Ficoll effects appeared particularly pronounced at low BIR1 concentrations (<150 uM). In
contrast to Ficoll, addition of BSA (300 g/L) and lysozyme (30 g/L) (exposure time of 10 min) as model agents for
biological crowders(77) only marginally impacted BIR1-dimer stability (Fig. S22). We attempted to confirm Ficoll-
mediated BIR1 destabilization effects by NMR spectroscopy. Unfortunately, we observed site-selctive line-
broadening for 160 uM and 80 uM of BIR1 at increasing amounts of Ficoll (up to 300 g/L), without major chemical
shift changes (Figure S23). NMR signals of flexible N- and C- terminal BIR1 residues remained visible whereas
resonance peaks of the folded BIR1 domain progressively vanished. Thus, reduced rotational tumbling of BIR1 at
high Ficoll concentrations prevented a detailed dimer-monomer analysis by NMR spectroscopy. Because the BIR1-
BIR1 interface critically depends on a conserved salt bridge (67), we also tested how physiological salt
concentrations (~0.2 M)(78, 79) affected dimer stability. We performed DEER measurements on 100 uM
C12A/N28C-GdI BIR1 at 0.1-0.3 M of sodium chloride (Fig. S24). We clearly detected salt-dependent changes of
modulation depths, which established that BIR1 dimers were salt sensitive and that weakening of electrostatic
interactions at the dimer interface similarly resulted in BIR1 dissociation. In comparison to Ficoll, salt effects were
not as prominent. Fig. 7 summarizes the effects of co-solutes on BIR1 modulation depths as proxies for respective

dimer stabilities.

254 ; 100 uM BIR1 150 uM BIR1
s 197 ?L +
<
1.0
0.5
OO T T T T T T i;‘ T
O o o o> Q 0
ROGTOVESa s R SIS o N
Q- Q- Q- Q\ (,\ (,\

Fig. 7. Co-solute effects on BIR1-dimer stability. Changes of C12A/N28C-Gdl BIR1 modulation depths in the
presence of salt (orange) and different macromolecular crowding agents (cyan and blue). Ficoll 150 and 300

correspond to mg/mL. Respective BIR1 concentrations are indicated.

We observed that the stability of the BIR1 dimer in dilute lysates was comparable to that in buffer. By contrast,
BIR1 stability in lysed in-cell EPR samples was similar to the one measured in intact cells (Fig. 3b). We reasoned
that this discrepancy may reflect differences in BIR1 to total cellular content concentrations ratios in the two

types of lysate samples. For primary lysate samples, we employed 40,000 cells/uL that we cleared by
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centrifugation to sediment membranes and other insoluble components. Compared to intact Hela cells, this
corresponded to a ~10-fold dilution of soluble, cytoplasmic constituents (80). To these mixtures, we added 30
UM of spin-labeled BIR1, which resulted in a large excess of recombinant over endogenous proteins. Accordingly,
dimer stability was comparable to pure-buffer conditions. By contrast, lysis of in-cell EPR samples produced crude
solutions of low BIR1 concentrations against high amounts of cellular components. In turn, measured modulation

depths and delineated Kp’s were similar to intact cells.

Discussion

In this study, we used W-band DEER distance measurements on the homo-dimeric BIR1 domain of XIAP,
spin-labeled with Gdl and GdlI, to investigate dimer stability in HelLa cells, primary cell lysates and buffer. We
found that (i) BIR1 dimers were destabilized in cells compared to dilute cell lysates and buffer. (ii) Dimer
destabilization in buffer was observed in the presence of the artificial crowding agent Ficoll and at higher salt
concentrations. (iii) N-terminal BIR1 segments spanning E22 experienced reduced conformational flexibility in
intact cells. By contrast, flexible regions around C12 (disordered) and helical residues 26-31 (folded) maintained

their respective structural states in all three environments.

First, we discuss changes in conformational space and local ordering within the disordered, N-terminal region in
light of expected macromolecular crowding effects poised to limit conformational flexibility and lead to different
levels of structural compaction (4, 6). Such behaviors are predicted by classic excluded volume theory (hard-
sphere repulsion) and have been experimentally verified on a number of unstructured proteins (9, 41, 81). For
example, compaction has been experimentally demonstrated by an artificial special FRET sensor, designed to
probe conformational changes due to crowding (82). The sensor behavior was studied in solution in the presence
of various crowding agents and in prokaryotic and eukaryotic cells (E. Coli and HEK293 cells) confirming the
preference of more compact conformations as crowding increases. The behavior of structured proteins is
however, more complex and depends on the protein. A recent in-cell NMR study on GB1 in eukaryotic cells
reported a significant shift in the a-helix position compared to solution structure (28) presumably due to non-
specific interactions of hydrophobic residues with cell components. In contrast, the structure of a truncated form
of apoSOD1, was unaffected by the cellular environment (83). For BIR1 we did not observe an obvious overall
compaction of the disordered part of BIR1 in cells. The C12 site exhibited a very broad distance distribution in all
environments but small changes may be difficult to detect under these conditions. The N28C labeling site revealed
a minor reduction, 0.2 nm, in the maximum of the distance distribution in the cell and addition of Ficoll led to a
similar subtle shortening (see Fig. 22d) but these are too small to justify a conclusions regarding compaction due
to crowding. In-cell distance distribution at E22C, closer to folded BIR1 parts, were somewhat narrower, with
reduced intensity at the shorter distance range. This change reflects reduced dynamics potentially coupled to a
local conformational change. To our surprise, we were unable to reproduce these E22 effects in the presence of

Ficoll, BSA or salt, and the reduced flexibility was not detected in primary cell lysates. The in-cell changes are

13


https://doi.org/10.1101/2020.03.27.011510
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.03.27.011510; this version posted March 27, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

presumably caused by a combination of cellular crowding and soft interactions (84). We excluded that the change
arises from binding of the TAB1 partner (69) based on stoichiometry considerations and the high intracellular

amounts of delivered BIR1 (~ 50 uM), exceeding native TAB1 concentrations by at least one order of magnitude.

Clearly, the most interesting finding of our study relates to the reduced stability of the BIR1 homodimer in intact
Hela cells. The estimated destabilization free energy determined from the dissociation constants amounts to
AAG°=1.24-1.31 Kcal/mol, for a temperature range of 260-273 K. A range is given owing to the uncertainty of the
freezing temperature. In the following paragraphs, we discuss these results in the context of emerging concepts
of how crowding and dimer shapes (85, 86), as well as surface charges (87-90), contribute to dimer cellular
stabilities. According to excluded volume theory (91, 92), protein association is favored under conditions of
macromolecular crowding with concomitant increases in complex stabilities (7, 85). These predictions are based
on the notion that cellular proteins strive to adopt states of lowest possible volume occupancies. While this may
lead to disordered protein compaction, it may similarly enhance protein association, especially when the
association results in a volume decrease. In a rough approximation, this holds true for protein dimers that adopt
spherical shapes, which represent ideal monomer ‘packing’. In turn, spherical shapes of associated proteins
translate into enhanced intracellular stabilities. By the same token, protein dimers, the shapes of which deviate
from spherical shapes are expected to display reduced stabilities in crowded environments and can even be
destablized(85). Such a shape-dependent behavior was recently confirmed experimentally in-vitro for two
engineered dimers of the Streptococcal protein G B1 domain (GB1) which have different eccentricity (86). In the
presence of Ficoll and PEG, a domain-swapped GB1 dimer with a lower eccentricity was significantly stabilized,
whereas for the side-by-side dimer of GB1 with a higher eccentricity the effect in Ficoll was marginal and
destabilization was observed in PEG solutions. In light of these findings we looked into the shape of the BIR1
dimer. Here we used the crystal structure (Fig. 1a), which does not include the 1-19 N-terminal disordered tail.
This is an approximation because the monomer/dimer sizes and shapes in solution with this tail may be somewhat
different. NMR measurements on a monomeric mutant showed that its structure in solution is very similar to that
of the monomer within the dimer (67) and therefore we used the structure of the monomer in the dimer crystal
structure to describe the monomer. The BIR1 dimer is a side-by-side dimer, where the volume of the dimer (19959
A3) is slightly higher than twice that of the monomer (9451 A3) and the accessible surface area (ASA, 8554 A?) is
slightly lower than that of the two monomers ( 9552 A?). The dimer-monomer difference, AASAp-m=982 A2, is
comparable to that of the side by side swapped dimer of GB1 (AASAb.-m=1020 A%)(86). The shape of the BIR1
dimer is far from being a sphere and is best described by a trapezoid (see Fig. S25), whereas the monomer is
closer to a globular shape. Therefore, the BIR1-dimer destabilization in crowded Ficoll environments and intact
cells seems to agree with the predicted lack of stabilization, though the large destabilization is still puzzling.
Finally, we cannot exclude that the flexible N-terminal segments also adds to the reduced stability of dimeric
BIR1.
14
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Taking into account only excluded volume effects on in-cell dimer stability is, however, insufficient. Computer
simulations and experimental work have shown that soft interactions as well as diffusion can modulate protein-
protein interactions (10, 87, 93). Contributions can also come from interaction with cellular metabolites and
other physiological, small-molecule compounds(94). Collectively, these factors may stabilize or destabilize
associated proteins depending on specific solvation interactions that energetically disfavors/favors individual
monomers, respectively. Accordingly, a unified behavior is not expected, as indeed reported by the few reports
on in-cell association of proteins. The association rate constants of TEM1 B-lactamase binding to its protein
inhibitor B-lactamase inhibitor protein (BLIP) in the cytoplasm of Hela cells revealed only subtle differences in
binding kinetics between in vitro and in vivo conditions (23). In contrast to the BIR1 behavior, the Kp of the
AcGFP1/mCherry FRET pair in PBS buffer (Kp ~ 20 uM) was found to decrease by an order of magnitude in the
cell (Kp=2.0 £ 0.5 uM) (24). This expected increase was attributed to crowding or quinary interactions. Similarly,
cross linking experiments studying the dimer-monomer equilibrium of HSP27 in cells showed that while some
dimers could be found in the cell, after homogenizing the cells in a dilute buffer all dimers dissociated. The
difference was assigned to the reduced hydration in cell, which promotes charge-charge interaction (95). Finally,
an opposite behavior; the propensity fPGK to self-aggregate was found to decrease gradually as cell volume

decrease and crowding increase (94).

We also explored the electrostatic (and hydrophobic) surface properties of the BIR1 dimers and monomer that
can affect charge-charge interactions shown to modulate protein-protein interactions (87). The electrostatic
surface potential of the dimer and monomer of BIR1 are presented in Fig. S25. The overall charge of BIR1
(calculated pl=6.08) is negative and it is relevant to compare its in-vitro behavior to that of the side-by-side GB1
dimer. The latter was studied in cell lysate and in solution in the presence of macromolecular co-solutes that
mimic attractive and repulsive interactions to highlight the importance of chemical interactions (77). The highest
stabilization was obtained in E. coli lysate, which was similar to that observed by the addition of the negatively
charged BSA, whereas positively charged lysozyme destabilized the dimer. As the GB1 dimer has an overall
negative charge, the stabilization effect of BSA was assigned to charge induced repulsion and the destabilization
by lysozyme was a results of the charge attraction. A similar explanation was given for the effect of the cell lysate,
which was described as having a majority of negatively charged proteins at the pH used (77). The in vitro
behavior BIR1 is different; neither BSA, nor lysozyme or cell lysate had significant effects on the BIR1 dimer

stability.

Increasing the salt concentration in solution, to account for the in-cell ionic strength, did reduce the dimer
stability. This is expected owing to screening effects that destabilize the salt bridge (96) holding the BIR1 dimer
together (67). We note, however, that the effect of salt addition was not as strong as observed in the cell. The
effect of Ficoll on ion pairs was recently investigated using a sensor designed to report on the ionic strength in

the cell (96). Such a sensor with a helix-pair rich in arginine and aspartic acid residues, which comprise the same
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pair forming the salt bridge in the BIR1 dimer, it was found that Ficoll compressed the sensor and this was
attributed to the expected crowding effects. Therefore, we find the possibility that Ficoll perturbs the salt bridge
in BIR1 dimer to be unlikely. Accordingly, we attribute the destabilization by Ficoll to a combination of crowding
as described above and some chemical interactions (97). Finally, we cannot exclude the possibility that
interaction with small molecule components of the cell affect the dimer stability as recently demonstrated for

self-self aggregation of fPGK (FRET-labeled phosphoglycerate kinase (94).

To conclude, we attribute decrease dimer stability in the cell to the higher in-cell ionic strength, excluded volume
effects combined with the side-by-side structure of the dimer, and possibly also additional contributions from
interactions with cell components. It is tempting to assign the latter to quinary interactions, the high
concentration of the delivered protein argues against it. Finally, because interaction of the BIR1 dimer with TAB1
was reported as essential for activation of the NF-xB pathway (41), the higher in-cell Ko may have implications for
BIR1 function as for realistic low physiological concentrations the monomer would be the dominating form.
However, the in-cell Kp for XIAP may be different than that of the isolated BIR1.

Conclusion

By high field DEER measurements on BIR1 (the first BIR domain of XIAP) labeled with rigid Gdl and Gdll spin
labels we explored the effect of the cellular environment on BIR1 dimer stability and the conformation of its
flexible N-terminal domain. We found that the BIR1 dimer is destabilized in Hela cells, and its dissociation
constant, Kp, is higher than in buffer solution and in dilute cell lysates. A destabilization of the BIR1 dimer was
achieved in solution by the addition of the crowding agent Ficoll, as well as by increasing the salt concentration.
This reduced dimer stability is explained by a combination of excluded volume effects combined with the dimer
shape, the higher in-cell ionic and potentially other interactions with cell constituents. In addition, we observed
that the N-terminal region containing residue E22 of BIR1 acquired somewhat lower conformational freedom in

cells than in solution or in cell lysate, but this could not be reproduced in-vitro.

The in-cell behavior of BIR1, which showed a seemingly unexpected destabilization of the dimers, is an important
example 6f the complexity of the cell environment and the diversity of its effects on protein’s behavior. This, and
the scarce literature reports on in-cell protein-protein associations show that the nature of the protein itself is an
important factor and is responsible for the different behaviors observed. This highlights the crucial need for a
wealth of in-cell experimental data that will allow identifying general trends and correlations and thus improve
our understanding of protein’s behavior in cells. Finally, we showed that DEER with the appropriate spin labels is
an effective method for exploring protein properties in the cell and is expected to add to the new data and insights
needed.

Methods
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Protein preparation. Recombinant BIR1 of XIAP was expressed and purified as described previously.(66) Detailed

procedures can be found in S/ Appendix.

Site-specific labeling with lanthanide tags or a fluorescent tag. For labeling with BrPSPy-DO3MA-Ln or BrPSPy-
DO3A-Gd, the reaction was complete and purified as reported in the literature.(52, 53) The labeling efficiency for
BrPSPy-DO3A-Gd was 66%, as determined by comparison of the echo-detected electron paramagnetic resonance
(EPR) intensity of the tag alone and that of the labeled protein. The labeling efficiency of BrPSPy-DO3MA-Gd
exceeded 80%. For EPR measurements in the solution or with co-factors, the spin-labeled protein concentration
was 200 uM (per monomer) in 7:3 (v/v) Tris-D,0/glycerol-ds, unless otherwise noted. Fluorescence labeling was

done by mixing WT BIR1 with ATTO488-M (Sigma) and TCEP at pH 6.5. Detailed procedures can be found in S/

Appendix.

In-cell protein delivery. Proteins were delivered to Hela cells by means of a previously reported electroporation
procedure.(42) Briefly, the cells were suspended in electroporation buffer containing 0.25 mM labeled BIR1, and
electroporated by means of a Nucleofector 2b device (Lonza) with pulse program B28 for Hela cells. The cells
were incubated at 37 °C for 5 h, and then detached and washed twice to remove the non-internalized protein
and dead cells, and incubated in phosphate buffer solution containing 7:3 (v/v) D,0/glycerol-ds. The cells were
counted on a hemocytometer before loading into an EPR capillary. The EPR samples in the capillary contained
200,000-300,000 cells/pL. Lysates of cells that had been electroporated with BIR1 conjugates were prepared by
repeated freeze—thaw cycles in cryosurgery after the cells were loaded into the capillary. Detailed procedures can

be found in the S/ Appendix.

Preparation of cell lysates. Hela cell lysates were prepared as described previously (70) The detached cells was
re-suspended in 1 volume equiv. of cell lysis buffer. The BIR1 conjugates (30 uM) were mixed with cell extract,
and subjected to the electroporation program used for in-cell samples with incubation at 37 °C for 5 h. For EPR
measurements, glycerol-ds (30% of the total volume) was added. Finally the cell extract samples contained 40,000

cells/uL. Detailed procedures can be found in the SI Appendix.

NMR spectroscopy. All NMR experiments were performed on a Bruker Avance 600 MHz NMR spectrometer
equipped with a QCI CryoProbe. Unless noted otherwise, the NMR spectra of BIR1 and its mutants were recorded
for the ®N-labeled protein sample at a concentration of 0.15 mM, a pH of 6.5, and a temperature of 298 K.

Detailed procedures can be found in the S/ Appendix.

EPR spectroscopy. All EPR measurements were carried out at 10K on a home-built W-band spectrometer (94.9
GHz) (98, 99). Echo-detected EPR (ED-EPR) spectra were recorded using the Hahn echo sequence (r/2-t-nt-t-echo).
The echo decays were measured with the same sequence, setting the magnetic field to the maximum of the ED-

EPR spectra and varying t. DEER measurements were recorded using a modified four-pulse DEER sequence with
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chirp pulse(s)(100-102).The DEER data were analyzed using the DeerAnalysis 2018 program with Tikhonov

regularization (103). All experimental parameters are given in the S/ Appendix.

Immunofluorescence microscopy. BIR1-ATT0O488 was delivered to cells by means of the electroporation
procedure used for Gd** labeled protein and the cells were recovered at 37 °C for 4 h. Cells were fixed with 4%
paraformaldehyde. After washes, the cells were mounted and then imaged with an Olympus microscope X83 with
a 60x oil objective. A 488 nm laser (Toptica, 100 mW) was used for fluorescence excitation, and a green LED was

used for brightfield imaging. All experimental details are given in the S/ Appendix.

The protein volume and surface area were obtained using the Volume Area Dihedral Angle Reporter
(VADAR)(104) and the BIR1 dimer structure PDB code 2QRA (68). The protein pl and its total charge we obtained
using the ProtParam tool of the ExPaSy software(105). Here one full monomer chain including the first 19 amino

acid, not included in the crystal structure, was used.
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