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Abstract: Recent evidence suggests that proteins at equilibrium can exist in a manifold of
conformational substates, and that these substates play important roles in protein function.
Therefore, there is great interest in identifying regions in proteins that are in conformational
exchange. Electron paramagnetic resonance spectra of spin-labeled proteins containing the
nitroxide side chain (R1) often consist of two (or more) components that may arise from slow

exchange between conformational substates (lifetimes > 100 ns). However, crystal structures of
proteins containing R1 have shown that multicomponent spectra can also arise from equilibria
between rotamers of the side chain itself. In this report, it is shown that these scenarios can be
distinguished by the response of the system to solvent perturbation with stabilizing osmolytes
such as sucrose. Thus, site-directed spin labeling (SDSL) emerges as a new tool to explore slow

conformational exchange in proteins of arbitrary size, including membrane proteins in a native-like
environment. Moreover, equilibrium between substates with even modest differences in
conformation is revealed, and the simplicity of the method makes it suitable for facile screening of
multiple proteins. Together with previously developed strategies for monitoring picosecond to
millisecond backbone dynamics, the results presented here expand the timescale over which SDSL

can be used to explore protein flexibility.
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Introduction
By virtue of their microscopic size and finite compres-
sibility, proteins are inherently flexible structures,
characterized by volume and structure fluctuations at
equilibrium." It is now clear that structural fluctua-
tions occurring on the picosecond to millisecond time-
scale are intimately involved in function, save for pro-
teins with a purely structural role (see Henzler-
Wildman and Kern? for a recent review).

The dynamic modes are apparently hierarchical.®*
In this view, a given state of a protein consists of an
ensemble of conformational substates in equilibrium,
each with a lifespan in the range of microsecond to
millisecond before migrating to another substate
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(conformational exchange). These conformational sub-
states are termed taxonomic substates because they are
generally of small number and live sufficiently long to
be described in molecular detail. In turn, each confor-
mational substate consists of other substates called sta-
tistical substates because of their large number and
short lifetimes in the picosecond to nanosecond range.®
The statistical substates contribute to protein entropy,®
and transitions among these statistical substates corre-
spond to high-frequency motions of the backbone and
side chains about their average positions.

In regard to protein function, the conformational
substates may correspond, for example, to the open
and closed states of molecular gates in ligand binding
proteins,” to specific conformations along a catalytic
pathway in enzymes,®? or their existence may give rise
to diversity of ligand recognition in antibodies'>" and
promiscuity in protein—protein recognition in signal
transduction.”**® Indeed, recent NMR studies provide
compelling evidence that the conformational substates
of ubiquitin in solution may represent the complete
manifold of conformations adopted in promiscuous
binding interactions.'# Flexibility on the picosecond to
nanosecond timescale, due to transitions between sta-
tistical substates, plays a role in protein-ligand and
protein—protein interactions,’®*® and in providing
flexible hinge regions to allow transitions between con-
formational substates."

The elucidation of the molecular mechanisms of
protein function thus requires information on protein
motions over a wide range of timescales, and it is
essential to develop experimental strategies that allow
one to observe both backbone motions and conforma-
tional exchange in systems at equilibrium. NMR spec-
troscopy has been particularly effective in this regard
in studies of small proteins in solution,*® but equiva-
lent measurements on high-molecular weight soluble
proteins, membrane bound proteins, and transient
complexes between them remain challenging, particu-
larly when it is desired to screen a large number of
such proteins.

Site-directed spin labeling (SDSL) has the potential
to provide information on protein motions occurring
on the above timescales without limitations regarding
the size or complexity of the system. Moreover, soluble
or membrane proteins can be investigated under
strictly physiological conditions in a native-like envi-
ronment. In SDSL, a nitroxide side chain is introduced
in a site-specific manner. The most widely used is that
designated R1 (see Fig. 1), although many others have
been developed.®>** Motions of the R1 nitroxide group
on the picosecond to nanosecond timescale result in
magnetic relaxation that determines the EPR spectrum.
Thus, backbone fluctuations that occur on this time-
scale can contribute directly to the EPR spectrum, and
SDSL has been shown to provide a measure of fast
backbone dynamics.*>*4 This capability should be par-
ticularly valuable for locating dynamically disordered
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Figure 1. Structure of the R1 nitroxide side chain.

domains within proteins, and for identifying natively
unfolded proteins and monitoring their interactions
with binding partners.25-2°

Although fast backbone motions are directly
revealed in the EPR spectrum, detection of conforma-
tional exchange on the microsecond to millisecond
timescale requires a fundamentally different approach,
because such motions are too slow to produce relaxa-
tion effects that reveal themselves in the spectra.
Rather, equilibria between conformational substates
in exchange on this timescale are revealed as multi-
component (complex) EPR spectra, provided that R1 is
in a region where it has distinct interactions with the
local environment in the different substates. Examples
of complex spectra and their analysis in terms of a
two-state conformational equilibrium model are given
in Kusnetzow et al.>” and Crane et al.>®

Combined X-ray crystallography, mutagenesis,
and EPR studies revealed that complex spectra can
also arise from the existence of multiple rotamers of
R1 at a given site.**73' Therefore, to use SDSL as a
tool to positively identify conformational exchange in
an equilibrium mixture, it is essential to develop ex-
perimental strategies that can be used to distinguish
protein conformational equilibria from R1 rotameric
equilibria as origins of complex spectra.

One approach that can be used for this purpose is
to measure the response of the spin-labeled protein to
solvent perturbation by osmolytes, which are small or-
ganic molecules that either stabilize or destabilize pro-
teins with respect to unfolding. Protecting osmolytes
increase the stability of proteins, and include carbohy-
drates, free amino acids and their derivatives, and
methylamines.?*33 Tt is well established that protecting
osmolytes are excluded from the surface of proteins
(preferential hydration), thereby raising the chemical
potential of the protein in relation to the area exposed
to solvent,# although the relationship may not be sim-
ple.?> Because the unfolded state has a larger area in
contact with solvent than the native state, it is destabi-
lized relative to the native state. On the other hand,
denaturing osmolytes (e.g., urea) are preferentially
accumulated at the surface and have the opposite
effect.3°

The molecular origin of the osmolyte effect on
protein stability appears to be result of interaction of
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the osmolyte with the peptide backbone, which is
unfavorable (relative to water) for protecting osmolytes
and favorable for denaturing osmolytes.3”3® It follows
that osmolytes should also drive folding of partially
unfolded states of proteins, and in fact, such solutes
drive a largely unfolded sequence in the transporter
BtuB to a folded state.?**° In addition, recent studies
have also shown that osmolytes attenuate structural
fluctuations of proteins in their native state. =44

In general, different conformational substates of a
protein are expected to have different solvent accessi-
ble surface areas, even if the structural differences are
more subtle than those between the folded and
unfolded states. If so, osmolytes should shift the equi-
librium among substates and have measurable effects
on complex EPR spectra of R1. In contrast, complex
spectra arising solely from rotameric equilibria of R1
are expected to be relatively insensitive to osmolytes
due to the small difference, if any, in solvent exposed
area of the protein for different rotamers. Thus, the
response of multicomponent spectra to osmolyte per-
turbation may provide the desired tool to distinguish
R1 rotameric equilibria from protein conformational
equilibria; this study evaluates this proposal. The ex-
perimental strategy is to examine the effect of osmo-
lyte perturbation on multicomponent EPR spectra of
R1 located at sites where the origin can be assigned
with confidence to side chain rotamers, and at sites in
proteins known to be in conformational exchange. As
will be discussed later, examples of these situations
are found in T4 lysozyme (T4L), rat intestinal fatty
acid-binding protein (rIFABP), myoglobin (Myb), and
the photoreceptor rhodopsin.

Results

Separation of osmotic from viscosity effects
To examine the osmolyte effect by SDSL, sucrose was
selected as a well-characterized stabilizing osmolyte
known to be preferentially excluded from the protein
surface,¥%4® and known to increase stability and
reduce conformational fluctuations in proteins.4*~44
Complication arises in assigning observed effects of su-
crose to osmolarity, because sucrose also increases the
viscosity of the solution, slowing the overall rotational
diffusion rate of the protein. For small proteins (M,, <
50 kDa), the rotary motion contributes substantially to
nitroxide magnetic relaxation and hence the X-band
EPR spectrum. Ideally, one would want to compare
the EPR spectrum in sucrose solution with that of the
same sample obtained in a reference medium of the
same effective viscosity, but with no osmolarity.
Solutions of Ficoll 70 are of high viscosity but low
osmolarity, and should serve as a suitable reference
medium. Moreover, Ficoll 70 appears to be inert with
respect to protein interactions.*”*® For the purpose of
this study, the effective viscosities of Ficoll 70 and su-
crose solutions are considered to be matched at con-
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centrations that result in equal protein rotational cor-
relation times measured by a spin label rigidly
attached on T4L (i.e., a spin label with no motion rela-
tive to the protein). In the experiments reported later,
the osmolyte solution contains sucrose at 30% w/w
and spectra are recorded at 295 K. As described in
Methods section, the effective viscosity of this solution
is matched by Ficoll 70 at 25% w/w at 295 K (Sup-
porting Information Figure S1), in which the osmolar-
ity is very low (78 mmol/kg) compared with that of
30% w/w sucrose (1460 mmol/kg). The other soluble
proteins studied here have a similar size and shape to
T4L and this concentration of Ficoll 70 is also used to
match effective viscosities for these cases. Thus, os-
motic effects alone due to sucrose can be isolated by
comparing the EPR spectrum of an R1 mutant in a
30% sucrose solution to that in a 25% Ficoll 70
solution.

Although Ficoll 70 is a suitable viscosity agent, it
can also act as a crowding agent favoring the states of
a protein with the smallest excluded volume.*°>* Such
effects are generally detected via stabilization of the
protein against denaturation and via changes in the
secondary structure,® the effect being due to the
larger excluded volume of the denatured state relative
to the native state.>® To determine if Ficoll has signifi-
cant crowding effects on T4L, apo-Myb, and apo-
rIFABP (M,, < 20 kDa), denaturation studies were
carried out in buffer, in sucrose, and in Ficoll (data
provided in Supporting Information). In addition,
changes in the secondary structures were monitored
via far-UV CD spectroscopy. Thermal denaturation of
T4L and apo-Myb, and guanidine denaturation of apo-
rIFABP were essentially identical with and without
25% Ficoll. On the other hand, 30% sucrose produced
substantial increases in the stability of each protein
(Supporting Information Figure S2), as expected for a
protecting osmolyte. Addition of Ficoll 70 did not
induce any changes in the secondary structures of
T4L, apo-rIFABP, and apo-Myb (Supporting Informa-
tion Figure S3). The aforementioned results demon-
strate that crowding effects of Ficoll can be ignored in
the systems and sites studied here. Further evidence
showing a lack of crowding effects from Ficoll 70 will
be provided later with respect to apo-Myb.

Contribution of protein rotary diffusion to
nitroxide motion in T4L and the effect of
sucrose and Ficoll on R1 internal motion

In general, at noninteracting, solvent-exposed helical
sites (i.e., where interactions of the nitroxide with the
protein are absent), the internal motion of R1 is
weakly ordered, giving rise to single-component EPR
spectra characteristic of z-axis anisotropic diffu-
sion.**53 The motion of the nitroxide in this state has
contributions from R1 internal motions and the overall
rotary diffusion of the protein. Increasing the viscosity
of the solution with sucrose or Ficoll reduces the
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Figure 2. Contribution of protein rotational diffusion to the
motion of 72R1 and 131R1. EPR spectra of residues 72R1
and 131R1 in T4L recorded under the indicated conditions.
The central line width (8) and the splitting of the resolved
hyperfine extrema (2A'ZZ) are defined on the spectra of
72R1. The arrows identify a minor spectral component. In
the case of 131R1, neighboring lysine K135 was replaced
with alanine for the spectra in (d) and (e) to avoid coupling
near the nitroxide side chain. Previous studies have shown
that this i + 4 mutation had little effect on the EPR
spectrum of 131R1 in solution.>®

contribution from protein rotary diffusion, but is not
expected to influence the internal motion of R1.5#5°
To demonstrate this point, sites 72 and 131 in T4L
were selected for introduction of Ri. Both sites are
located at solvent exposed surfaces of helices and both
have single component EPR spectra reflecting the
weakly ordered state.>*5355 Moreover, both are located
in a stable protein fold with no evidence for multiple
conformational substates in equilibrium on the micro-
second to millisecond timescale,5® although low-ampli-
tude backbone fluctuations on the picosecond to nano-
second timescale might exist.?3

The EPR spectra of 72R1 and 131R1 in buffer
alone are shown in Figure 2 (Row a), and are similar
to those published previously.®” For each mutant in ei-
ther sucrose (Row b) or Ficoll (Row c), the spectra
clearly reflect the change in motion due to attenuation
of rotary diffusion. To completely eliminate the protein
rotary diffusion, two immobilization strategies were
used, both of which generate chemical crosslinks via
native lysine residues. There are 13 native lysines in
T4L, and multiple points of attachment and strong
immobilization of the protein are anticipated, as has
been observed in a number of proteins.5® In one strat-
egy, the protein was covalently attached to a CNBr
modified Sepharose solid support, which occurs by
reaction of e-amino groups of lysine with the activated
substrate to form a Sepharose-bound isourea®; this
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method has been used previously to immobilize T4L
for SDSL studies.® In the glutaraldehyde crosslinking
strategy, a Schiff's base is formed between g-amino
groups of lysine and aldehyde functions on monomeric
and polymeric forms of glutaraldehyde®; the reaction
has been used to immobilize proteins for NMR®? and
EPR studies® The EPR spectra of 72R1 and 131R1 im-
mobilized by these methods are shown in Figure 2
(Rows d and e). In each case, a small spectral compo-
nent corresponding to an immobilized state (arrow)
was observed. This is very likely due to a fraction of
the nitroxide being immobilized by direct interaction
with the matrix near a site of attachment with Sephar-
ose, or with another T4L molecule near a site of cross-
linking in the case of glutaraldehyde. Replacing K135
near 131R1 with alanine reduces the amount of the im-
mobilized component, supporting the earlier interpre-
tations (see legend of Fig. 2).

As shown in Figure 2, the EPR spectra of T4L
72R1 in sucrose and in Ficoll 70 are indistinguishable
from one another and from the major components of
the spectra for the proteins immobilized on Sepharose
or by crosslinking; the same is true for 131R1. The
inverse of the central line width (67") and the splitting
of the hyperfine extrema (24,,) indicated in Figure 2
are measures of nitroxide mobility.>* For either resi-
due, the maximum variation in these quantities is only
about 15% for &' and 4% for A,,.

To evaluate if either sucrose or Ficoll 70 influen-
ces the internal motions of R1, the spectra of residue
72R1 attached to the CNBr modified Sepharose sup-
port were recorded over a range of sucrose concentra-
tions (0—30%) and with 25% Ficoll 70. Figure 3 shows

D72R1

i Buffer
._—— 10% Sucrose

._—— 20% Sucrose
. —— 30% Sucrose

—— 25% Ficoll 70

|e

s
5

Figure 3. Effect of sucrose and Ficoll 70 on the internal
motions of R1 at residue 72R1 of T4L. EPR spectra of 72R1
attached to the Sepharose solid support in buffer and the
indicated concentrations of sucrose and Ficoll 70.

Osmolyte Perturbation in Spin-Labeled Proteins



— Sucrose
— Ficoll 70

Partially buried sites B

N81R1 A134R1

—— Sucrose
— Ficoll 70

Complex Spectrum
Two rotamers of R1

— Sucrose
— Ficoll 70

Figure 4. Effect of osmolyte perturbation on the motion of R1 in ordered regions of T4L. A: Ribbon diagram of T4L (PDB:
3LZM) showing sites where R1 was introduced. The spheres are color-coded to indicate sites where R1 has single-
component (cyan) or multicomponent spectra arising from two rotamers of R1 (dark blue). B and C: EPR spectra of R1 at the
indicated sites corresponding to cyan spheres in (A). In each case, the spectra in 30% w/w sucrose and in 25% w/w Ficoll 70
are superimposed. D: EPR spectra of residues 41R1 and 115R1 in sucrose and Ficoll 70. Letters i and m identify components
of the spectra that correspond to relatively immobile and mobile states of R1.

that neither sucrose (up to 30%) nor Ficoll (25%) have
a substantial influence on the internal motion of Ri;
37' and A,, between buffer and 30% sucrose differ by
only 8 and 2%, respectively. The difference between
buffer and 25% Ficoll is negligible. These results dem-
onstrate that: (i) 30% sucrose and 25% Ficoll indeed
remove the effect of protein rotary diffusion in a simi-
lar fashion and (ii) neither sucrose nor Ficoll substan-
tially influence the internal motion of the Ri1 side
chain.

To further evaluate if Ri internal modes are
largely unaffected by osmotic perturbation in stable
protein folds (i.e., those without conformational fluctu-
ations), the motion of R1 was explored at additional
solvent-exposed and partially buried sites in T4L,
where the nitroxide exhibits a single dynamic mode
[eyan spheres in Fig. 4(A)]. The EPR spectra of some
of these mutants in 30% sucrose were previously
reported3®3+5355 and the spectra obtained in this
study are similar. Panels B and C of Figure 4 show a
comparison of the spectra for each mutant in Ficoll
and in sucrose, and it is evident that there are few dif-
ferences in the spectra of Ri1 (if any at all). These
mutants represent a range of protein local structures
and side chain dynamics. The results show that the in-
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ternal motion of R1 is not affected by osmolyte pertur-
bation or microscopic viscosity in the presence of
osmolytes.

R139R1

— Sucrose
= Ficoll 70

Figure 5. Effect of osmolyte perturbation on the motion of
R1 in ordered regions of holo-Myb. A: Ribbon diagram of
holo-Myb (PDB ID: 2MBW) showing spheres at sites where
R1 was introduced. B: The corresponding EPR spectra of
129R1, 136R1, and 139R1 in 30% w/w sucrose and 25%
w/w Ficoll 70 are superimposed. Letters i and m identify
components of the spectra that correspond to relatively
immobile and mobile states of R1.
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Effect of osmolytes on R1 rotamer equilibria
Earlier studies based on X-ray crystallography and
mutagenesis indicated that the complex spectra of T4L
mutants 41R1 and 115R1 [dark blue spheres in Fig.
4(A)] arise from the presence of two rotamers of the
R1 side chain.?®3" The spectra of 41R1 and 115R1 in
Ficoll are shown in Figure 4(D) (red trace) in which
two components are resolved, corresponding to rela-
tively immobile (i) and mobile (m) states of the side
chain. The spectra in sucrose (black traces) are essen-
tially identical, indicating that rotameric equilibria of
R1 at these sites are insensitive to osmolyte
perturbation.

Although structural data are not available, it is
likely that the two-component spectra of the 129R1,
136R1, and 139R1 mutants of holo-Myb [Fig. 5(A)]
also arise from multiple rotamers with differential
interactions in the structure, rather than from multiple
protein conformations. Indeed, mutation of nearby
residues E136 and K140 to Ala strongly reduces the
immobilized component of the 139R1 spectrum (Sup-
porting Information Figure S4). Moreover, residues
129, 136, and 139 are located in the N-terminal region
of helix H, which has been identified as one of the
most stable regions of the holo-Myb molecule®* and
apparently does not undergo conformational exchange
in solution.®® As shown in Figure 5(B), there is no sig-
nificant difference between the spectra of 129R1,
136R1, and 139R1 in Ficoll (red trace) and sucrose
(black trace). Collectively, the aforementioned results
show that rotameric equilibria of R1, like the internal
motion, are insensitive to osmolyte perturbation.

Effect of osmolytes on conformational equilibria

To study the effect of osmolyte perturbation on pro-
teins with previously characterized conformational
exchange, apo-rIFABP, apo-Myb, and light-activated
rhodopsin were selected as model systems. For each of
these proteins, experimental evidence suggests that the
conformational exchange occurs on the microsecond
to millisecond timescale in discrete regions of the mol-
ecules.?”%57%7 However, the amplitudes and types of
motions represented by each protein system are very
different. Apo-rIFABP provides an example of low-am-
plitude fluctuations of a short helix,®® whereas light-
activated rhodopsin involves a large-scale rigid body
displacement (6 1"&) of a helix in a transition between
conformational substates.®® In apo-Myb, a short region
(corresponding to helix F in the holo form) is believed
to undergo conformational exchange as inferred from
NMR line broadening, but no direct information is
available on the structures of the substates involved.®

Apo-rat intestinal fatty acid-binding protein

rIFABP is a B-clam protein that binds fatty acids in an
internal cavity formed by opposing and roughly or-
thogonal B sheets.® NMR studies have identified three
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distinct regions of the apo-protein that undergo con-
formational exchange on the microsecond to millisec-
ond timescale®® and that exhibit structural heterogene-
ity in solution (PDB ID: 1AEL). These flexible regions
are thought to constitute a dynamic portal, which reg-
ulates the entry and exit of the fatty acids.””®® Figure
6(A) shows a superposition of two of the NMR derived
structures from the ensemble, with sequences identi-
fied to be in conformational exchange highlighted (i.e.,
helix oII, and BC-BD and BD-BE turns).

Based on this information, R1 was introduced at
sites throughout oll, (24—35) in the BC/BD turn (55
and 56) and in the BE/BF turn (73—75) [Fig. 6(B)]. As
a reference, R1 was also introduced at sites 14—18 in
helix oI, which is spatially adjacent to oIl, but not
thought to be in conformational exchange.®® The EPR
spectra recorded in Ficoll at the sites investigated are
shown in Figure 6 (Panels C and D, red traces). With
few exceptions, the EPR spectra in oll, the BC/BD and
the BE/BF turns are complex, with components corre-
sponding to relatively immobile and mobile states of
R1. The nitroxide mobility for R1 residues in oll,
measured by the inverse central line width (877,
reveals the basic periodicity expected for a helix (see
Fig. 7). Although there are an insufficient number of
sites in ol to judge periodicity, the mobility is consist-
ent with expectations based on the crystal structure
(PDB ID: 1IFC), (i.e., solvent exposed residues 15R1
and 16R1 have relatively high mobility, whereas the
buried or partially buried residues 14R1, 17R1, and
18R1 are immobilized).

The spectra of R1 at sites within helix oI show no
response to osmotic perturbation [Fig. 6(C)], consist-
ent with the single conformation of oI determined by
NMR relaxation.®® On the other hand, the majority of
the residues in the oIl helix and in the BC/BD and BE/
BF turns showed substantial sensitivity to osmolyte
perturbation [Fig. 6(D), black traces]. In each case, su-
crose increased the fraction of immobile components
relative to the more mobile ones, reflecting a shift in
the equilibrium between the states that give rise to
these components. Similar effects were observed when
sarcosine and betaine were used as the osmotic pertur-
bants (data not shown).

To evaluate these results more quantitatively,
some of the spectra showing significant differences
between Ficoll and sucrose were fit to a two-compo-
nent model to estimate the relative populations and
the apparent equilibrium constant K = [m]/[i] (Sup-
porting Information Figure S5 and Table S2). In Ficoll,
K ranges from 0.41 (at 31R1) to 2.33 (at 56R1). Addi-
tion of sucrose decreased K by 25-57%, corresponding
to free-energy shifts (AAG' = AG,,, — AG;C) of +169
to +492 cal/mol. In addition to the changes in K pre-
dicted by the osmolyte effect, sucrose also caused
small changes in the effective correlation time (t) and
order parameter (S) of the mobile component, but
essentially no change in those parameters for the
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Figure 6. Effect of osmolyte perturbation on the motion of R1 in ordered and flexible regions of apo-rIFABP. A: Ribbon
diagram of apo-rlFABP showing 2 of the 20 NMR structures consistent with structural constraints (Hodsdon and Cistola®®;
PDB: 1AEL). The flexible regions are highlighted (green and blue for a-helix Il and red for the BC-BD and BE-BF turns). B:
Ribbon diagram of the holo protein (PDB ID: 2IFB) showing the positions where R1 was introduced. C: EPR spectra of R1 at
sites in a-helix | in 30% w/w sucrose and 25% w/w Ficoll. D: EPR spectra of R1 at sites in the flexible regions of apo-rIFABP
in 30% w/w sucrose and 25% w/w Ficoll. Letters i and m identify components that correspond to relatively immobile and

mobile states of R1, respectively.

immobile component (Supporting Information Table
S2 and Discussion).

Apo-myoglobin

The holo- and apo-forms of myoglobin have similar
tertiary structures in solution®73 with the exception of
residues 82—101, which form the F helix and flanking
residues in the holo form (PDB ID: 2MBW), but are
apparently in conformational exchange on the micro-
second to millisecond timescale in the apo-protein.”4
To evaluate the effect of osmolyte perturbation on this
flexible region of apo-Myb, the Ri side chain was
introduced at five sites within the region, and the
spectra were recorded in sucrose and in Ficoll. As a se-
ries of controls, the R1 chain was also incorporated at
sites in the helices A, B, D, E, and in the N-terminal
region of helix H [Fig. 8(A)], which are not thought to

Lépez et al.
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Figure 7. Inverse central line width versus sequence for R1
residues in the all-helix of apo-rIFABP.
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Figure 8. Effect of osmolyte perturbation on the motion of R1 in ordered and flexible sequences of apo-Myb. A: Ribbon
diagram of holo-Myb (PDB ID: 2MBW) showing spheres at the sites where R1 was introduced. The sequence in
conformational exchange in the apo form is highlighted in cyan. B: EPR spectra of R1 at sites in ordered regions of apo-Myb
in 30% w/w sucrose and 25% w/w Ficoll 70. C: EPR spectra of R1 at sites in helix F in 30% w/w sucrose and 25% w/w
Ficoll 70 are compared. Letters i and m identify spectral components that correspond to relatively immobile and mobile states

of R1, respectively.

be in conformational exchange in apo-Myb.® The cor-
responding EPR spectra are shown in Figure 8(B,C).
The motion of all Ri residues located in ordered
regions of apo-Myb were insensitive to osmolyte per-
turbation [Fig. 8(B)]. The spectra of R1 at every site
located within the helix F region have two dominant
components, reflecting relatively immobilized (7) and
highly mobile (m) states of the R1i side chain. The
highly mobile state is similar to the EPR spectrum of
R1 in unstructured protein sequences.”>”® Thus, these
results suggest equilibrium between a folded and a
partially or fully unfolded state of helix F of apo-Myb.

In contrast to the results for R1 in the ordered
regions, sucrose has a significant effect on the relative
populations of i and m states of R1 along helix F, sub-
stantially reducing the more mobile state with a con-
comitant increase in the immobilized population [Fig.
8(C)]. Qualitatively, the aforementioned results are
similar to the effect observed in the flexible oIl helix
in rIFABP, where sucrose shifts the equilibrium to-
ward the more immobilized state(s). The spectra for
84R1, 87R1, 89R1, and 91R1 in sucrose and in Ficoll
were fit to a two-component model (Supporting Infor-
mation Figure S6). The apparent equilibrium constants
K = [m]/[i] in Ficoll ranged from 0.20 to 0.35. Addi-
tion of sucrose decreased K by 34—46% (Supporting
Information Table S3), corresponding to free energy
differences (AAG = AG,,, — AGy,) of +236 to +348
cal/mol, similar to the range in apo-rIFABP.

As the aforementioned results suggest equilibrium
between a folded and a partially or fully unfolded state
of helix F in apo-Myb, Ficoll could, in principle, exert
crowding effects, although it has essentially no effect
on the thermal stability of apo-Myb (Supporting Infor-
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mation Figure S2) or on the far UV circular dichroism
spectra (Supporting Information Figure S3). To
directly examine whether Ficoll influences the local-
ized conformational isomerization of helix F, apo-Myb
with R1 at sites 87, 89, or 91 was immobilized on a
Sepharose solid support in which any crowding effects
of Ficoll could be isolated. As shown by the data in
Figure 9, the addition of Ficoll had no effect on the
spectra, whereas the addition of sucrose showed the
same effect as in solution relative to Ficoll.

Light-activated rhodopsin

SDSL studies on rhodopsin in dodecyl maltoside
micelles were the first to identify a rigid body outward
tilting motion of the transmembrane helix 6 (TM6) as
a dominant element of the activation switch in this
membrane-associated G-protein coupled receptor”®”*
[Fig. 10(A)]. The helix motion was identified most
clearly by residue 250R1 located on the inner surface
of TM6>7 [Fig. 10(A)]. In the inactive state, the spec-
trum of 250R1 reveals strong immobilization of the
nitroxide [Fig. 10(B), blue trace] as expected from the
location buried in the center of the helix bundle. On
light activation and the ensuing outward motion of
TM6, constraints on the motion of the nitroxide are
removed and the spectrum reflects an increase in mo-
bility [Fig. 10(C), red trace]. This interpretation of the
spectral change of 250R1 is supported by a study in
which R1 was placed at each site (one at a time)
through the cytoplasmic ends of TM5 and TM6 and
the interconnecting loop.”® Moreover, quantitative dis-
tance measurements using SDSL and DEER spectros-
copy®® confirmed the movement, and showed the am-
plitude to be about 6 A; recent crystal structures also
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\M K87R1
_/‘j L89R1
—Jl Q91R1

Solid Support
—— Solid Support + Ficoll 70
Solid Support + Sucrose

Figure 9. Effect of sucrose and Ficoll on the
conformational isomerization of helix F in apo-Myb attached
to a solid Sepharaose support. The EPR spectra of R1 at
the indicated sites in buffer, in 25% w/w Ficoll 70, and in
30% w/w sucrose are superimposed.

provide support for the model.”> Residue 250R1 has
been extensively used as a “sensor” for this helix
motion,”””® and is similarly applied in this study.

Although the spectrum of 250R1 shows an
increase in mobility on activation, consistent with
TM6 motion, the spectrum has been shown to have
two components corresponding to strongly immobi-
lized and mobile states of R1*” [arrows, Fig. 10(C)].
The two components have been suggested to arise
from equilibrium of the protein between two substates;
one similar to the inactive state and the other with
TM6 in the outward tilted position.?” Within the con-
text of this model, addition of an osmolyte would be
expected to shift the equilibrium toward the substate
with the helix inward, because that is the least sol-
vated state, and the EPR spectrum would reflect this
shift as an increase in the more immobilized popula-
tion. For rhodopsin in micelles of dodecyl maltoside
the high-molecular weight of the combined protein
and micelle (=100 kDa) results in an overall rotational
diffusion that is sufficiently slow to render unnecessary
concerns about changes in solution viscosity due to su-
crose addition. Thus, an osmotic effect of sucrose is
directly revealed without the need for comparison in
Ficoll solution.
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Figure 10(B,C) (black traces) shows that the addi-
tion of sucrose to the inactive state of rhodopsin has
little effect on the motion of 250R1, but substantially
shifts the population toward the more immobilized
component in the active state. This demonstrates that
the local protein conformation around 250R1 is shifted
by the osmolyte toward a more compact state, and the
simplest interpretation is that TM6 equilibrium is
shifted towards the helix “in” state. This is consistent
with the expected effect of osmolyte perturbation act-
ing directly on the protein, but could also have a con-
tribution from a slight increase in micelle chain pack-
ing due to sucrose addition (Lopez and Hubbell,
unpublished). Irrespective of the detailed mechanism,
the result demonstrates that a conformationally flexi-
ble region of the protein is modulated by osmolyte
perturbation.

Discussion

Suitability of Ficoll 70 as an agent to selectively

reduce rotational diffusion

In the studies of the small (15—19 kDa) model proteins
investigated here (i.e., T4L, rIFABP, and Myb), a 25%
Ficoll 70 solution was used to match the effective vis-
cosity of a solution with that of a 30% sucrose solu-
tion. Although Ficoll can exert molecular crowding
effects,>®>" it does not appear to do so for the proteins
investigated in this study (Supporting Information Fig-
ures S2 and S3). Indeed, at concentrations up to 25%,
Ficoll has no measurable effect on the conformational
equilibria of helix F residues in apo-Myb (see Fig. 9).
However, if Ficoll 70 or another similar agent is used
to increase viscosity in other systems, it is important
to test for potential crowding effects, particularly in
proteins that have a tendency to oligomerize. For suffi-
ciently high-molecular weight proteins (>50 kDa) and
membrane associated proteins, it is unnecessary to use
an agent to match the effective viscosity of sucrose
due to the already slow diffusion of the protein.
Because the Ficoll molecule (~70 kDa) is considerably
larger than each of the model proteins, the micro-
scopic viscosity at the protein surface in a Ficoll solu-
tion is essentially the same as in pure buffer. Thus,
one would not expect Ficoll to influence the internal
motion of R1, and the data presented in Figures 2 and
3 strongly support this conclusion. Together, the
results demonstrate that for the small proteins investi-
gated here, Ficoll 70 can be used as a simple viscosity
agent to reduce the protein rotational diffusion rate
with no additional effects on the protein or Ri1 side
chain motion.

Effect of sucrose on the dynamics of R1 in well-
ordered protein sequences

In comparing the effect of sucrose with that of Ficoll
to isolate osmolyte perturbation effects, it is assumed
that there is no effect of microscopic viscosity on the
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V250R1

—— R+Suc

' V250R1

TR R*
——R*+Suc

Figure 10. Osmolyte perturbation effect on a conformational
equilibrium in photoactivated rhodopsin. A: Ribbon models of
rhodopsin in the inactive state (PDB ID: 1GZM) and in the
presumed active state (PDB ID: 3DQB) superimposed. The
positions of the transmembrane helix 6 (TM6) in the inactive
and active states are identified in blue and orange,
respectively. The yellow sphere identifies residue 250 where
R1 was introduced. B: EPR spectra of residue 250R1 in the
inactive state (R) (blue trace) and in 30% w/w sucrose (black
trace). C: EPR spectra of residue 250R1 in the
photoactivated state (R*) in buffer (red trace) and in 30% w/w
sucrose (black trace) are superimposed. Letters i and m
identify spectral components that correspond to relatively
immobile and mobile states of R1, respectively.
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internal dynamics of Ri1, at least in the narrow range
of viscosities studied. As discussed previously, the mi-
croscopic viscosity near the protein surface in 25%
Ficoll is essentially the same as buffer, and conse-
quently has no effect on R1 internal dynamics. Sucrose
at 30% also has little effect on R1 internal motions as
illustrated by the data in Figure 3. This is not surpris-
ing if one considers the nitroxide as a small molecule,
diffusing on the surface of the protein. Stokes—Ein-
stein behavior predicts that g—;arB, where t, 1, and r
are the correlation time, the viscosity of the medium,
and the hydrodynamic radius of the diffusing species,
respectively. As the radius of the protein is at least an
order of magnitude larger than that of the nitroxide,
the effect of viscosity is ~1000 times smaller on the
R1 internal motion compared with the rotational diffu-
sion of the protein.

In principle, an increase in the solution viscosity
could damp the rate of ns backbone fluctuations
(“slaved processes”; Beece et al.”%; Fenimore et al.°);
such effects would be manifested as an increase in the
central line width (3) of the EPR spectrum. However,
the EPR spectra of R1 at solvent exposed sites in or-
dered sequences throughout T4L, apo-rIFABP, and
apo-Myb show little if any difference between sucrose
and Ficoll [Figs. 4(B), 6(C), and 8(B)] solutions that
differ in microscopic viscosity by about a factor of 3.
The amplitude of backbone fluctuations or the change
in viscosity might be too small to yield an observable
effect in ordered sequences. For complex spectra of R1
at sites in conformational exchange, the rate of motion
(1/7) of the most mobile component is reduced to some
extent by sucrose, as determined by spectral simula-
tions (Supporting Information Tables S2—S3). Although
it is possible that this apparent reduction of rate of the
more mobile state is the results of sucrose damping
flexible backbone motions, it is also possible that it
arises from heterogeneity of the mobile state (i.e., the
“mobile” state could actually consist of a manifold of
states with similar, but not identical, dynamic proper-
ties). Population shifts among states in this heterogene-
ous mixture due to osmolyte perturbation would appear
as changes in rate, and hence as changes in 1/t when
interpreted in the simple two-state model.

The frequency of slow conformational exchange is
also predicted to be slaved to solvent fluctuations®®
and hence to be dependent on microscopic viscosity.
However, if this effect is present, it cannot be detected
because the exchange rate is slow on the EPR time-
scale and therefore will not affect the spectra of the
individual states involved.

Osmolyte perturbation on R1 rotameric
equilibria and protein conformational equilibria
Complex EPR spectra reflecting multiple dynamic
modes of the R1 side chain are very common in SDSL
studies. Before this study, determining the origins of
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complex EPR spectra was challenging because multiple
dynamic modes of the nitroxide can result from simple
R1 rotameric equilibria in a static protein structure,
but also from conformational exchange. The data pre-
sented in this report suggest a simple solution to this
problem, namely the response of the protein to osmo-
lyte perturbation as reflected in the EPR spectrum.
Although there are a limited number of examples, the
data in Figures 4D and 5 show that rotameric equili-
bria of R1 are insensitive to osmolyte perturbation, as
anticipated from the small differences in solvent
exposed area between rotamers of Ri. On the other
hand, R1 located at many sites within regions that are
known to undergo microsecond to millisecond confor-
mational exchange show substantial sensitivity to
osmolyte perturbation (Figs. 6, 8, and 10).

The osmolyte-induced shifts in conformational
equilibria in apo-IFABP and apo-Myb are small because
they involve localized changes in relatively short helices
where the difference in solvent exposed area between
the conformers is not large. Bolen and coworker” have
shown that for global unfolding the major contribution
to osmolyte stabilization is the positive free energy of
transfer of the peptide group from water to osmolyte so-
lution, which is about 56 cal/mol for 1M sucrose®™
(~30% w/w). Consider a simple two-state conforma-
tional fluctuation of a short helix of 10 residues, approx-
imately the length of the helices examined in rIFABP
and Myb, where state (7) is folded and state (m) is par-
tially unfolded. If the transition (i) — (m) resulted in
the exposure of five additional peptide groups to solvent,
the difference in the standard state free energy change
for the transition in water and sucrose, AG°gucrose —
AG® yater Would be 5 x 56 = 280 cal/mol from the
peptide contribution alone, within the range 169—492
cal/mol estimated for the apo-rIFABP and apo-Myb
transitions based on a two-state model. The conclusion
that the peptide backbone dominates the osmolyte effect
is based on global unfolding where the contribution
from side chains to the free energy is small.37%2 How-
ever for local structural changes, the side chain contri-
bution could be substantial and the aforementioned cal-
culation would only be an order-of-magnitude estimate.

The aforementioned discussion regarding the mech-
anism of the osmolyte effect on conformational equili-
bria pertains to the helical fluctuations in apo-rIFABP
and apo-Myb. The situation with the receptor rhodopsin
might be different. In this case, the titling of TM6 out-
ward by 6 A opens a cleft in the center of the helix bun-
dle®® that can be filled with water, but modeling shows
that sucrose is too big to fully access the cavity. Thus,
the addition of sucrose creates a chemical potential dif-
ference between water in the solution and in the cavity.
As a result, water will flow out of the cavity until a new
equilibrium is established with a uniform water chemi-
cal potential. Dehydration of the cavity leads to closure
of the cleft by inward movement of TM6, as suggested
by the data [Fig. 10(C)]. This is the “osmotic stress”
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mechanism discussed by Parsegian et al.,*3 which has
been shown to be applicable to water filled channels. As
mentioned in the Results section, osmolyte effects on
micelle chain packing could also contribute to the
observed effect, and further studies are required to
explore this possibility.

Summary and Conclusions

The data presented in this report show that osmolyte
perturbation in combination with SDSL can be used to
identify localized and subtle conformational fluctua-
tions in proteins that have substates with microsec-
onds or longer lifetimes. The major advantage of this
method is simplicity; a protein fold can be sampled
with a small number of R1 sensors on the outer sur-
face where structural perturbations are minimal, and
the response of the spin-labeled protein to sucrose or
other osmolytes then is examined with a conventional
EPR spectrometer. This new tool combined with ear-
lier methods for sampling fast backbone dynamics®*
expands the capability of SDSL for exploring protein
dynamics. At the present stage, the method is qualita-
tive. For example, it is not possible to determine the
extent of conformational space sampled in the
exchange process, nor can one deduce with certainty
the number of such states involved. Nevertheless, a
qualitative identification of the regions of a protein
that are flexible and knowledge of the timescales of
that flexibility are often what is needed to test models
and to design additional experiments to determine the
magnitude of changes involved using other methods
(such as direct distance measurements using DEER
spectroscopy®¥). Osmolyte perturbation is especially
well-suited for identifying conformational exchange in
high-molecular weight and membrane bound proteins
for which the application of NMR methods is particu-
larly challenging. It should be noted that in such cases
the need for Ficoll as a reference state is unnecessary
because the rotational diffusion is intrinsically slow.

Methods

Construction, expression, purification, and spin
labeling of mutant proteins

T4 Lysozyme. The cysteine-less pseudo-wild type
T4L construct (pHSe5) containing the substitutions
C54T and C97A% was a generous gift from F.W. Dahl-
quist (University of California, Santa Barbara, CA).
The construction of cysteine mutants at positions 41,
48, 65, 72, 76, 80, 82, and 115 have been described
elsewhere.3355 Additional mutants were prepared
using the overlap extension PCR method as described
by Ho et al.®¢ All mutations were confirmed by DNA
sequencing using the BigDye Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems, CA). The mutants
for T4L were transformed into Escherichia coli BL21
expression strain (Stratagene) and expressed and

PROTEIN SCIENCE ‘ VOL 18:1637-1652 1647



purified (>95% purity by SDS-PAGE) as described
previously.®® Spin labeling was carried out at 4°C over-
night via incubation with a 10-fold molar excess of (1-
0xy-2,2,5,5,-tetramethylpyrrolinyl-3-methyl)-methane-
thiosulfonate (a gift of Kalman Hideg, University of
Pecs, Hungary) in buffer (50 mM MOPS, 25 mM
NaCl at pH 6.8). Excess spin-label reagent was
removed using a HiTrap desalting column (GE
Healthcare) and the protein concentrated using Ami-
con Ultra 10,000 MWCO (Millipore).

Apo-rIFABP. The plasmid pET11d (Novagen, Madi-
son, WI) carrying the wild-type rat intestinal fatty acid
binding protein was a generous gift from Alan K.
Kleinfeld (Torrey Pines Institute for Molecular Studies,
San Diego, CA). The cysteine substitutions at consecu-
tive sites 14—-35 and 55-56 were generated by using
the QuickChange method; cysteine mutations for sites
73—75 were generated using the overlap extension
PCR method.®® All mutations were confirmed by DNA
sequencing. Mutant plasmids for rIFABP were trans-
formed into the expression strain E. coli BL21(DE3).
E. coli cells containing the rIFABP mutants constructs
were inoculated in 20 mL of LB containing 100 pg/mL
of ampicillin and the cells were allowed to grow over-
night at 37°C. The overnight cultures were transferred
to 1 L of fresh LB containing ampicillin and the cells
were incubated at 37°C until ODgo, = 1, at which
point the expression was induced with 1 mM of IPTG
and incubation continued at 37°C for 4 h. The cells
were harvested by centrifugation at 6000 rpm and the
cell pellets were resuspended in lysis buffer (50 mM
Tris-Cl, 1 mM EDTA, 0.05% NaN, at pH 8.0). The
crude extract was then frozen at —20°C.

Purification of rIFABP mutants was done as
described by Lowe et al.®” with some modifications.
Following the ammonium fractionation step, the pro-
tein solution was loaded into a HiTrap SP HP column
and a Hi Trap Q FF column connected in series (GE
Healthcare) that were pre-equilibrated with low-salt
buffer (20 mM phosphate buffer, 1 mM EDTA, 5 mM
DTT at pH 7.3). The rIFABP fraction was collected
under isocratic conditions because the proteins do not
bind to any of the two columns used in this step. The
rIFABP fractions were pooled and injected into a
Superdex 75 gel filtration column (GE Healthcare).
Sample purity was greater than 95% as judged by
SDS-PAGE electrophoresis. For spin labeling, DTT was
removed by using Hi Trap desalting column (GE
Healthcare) equilibrated with spin labeling buffer
(20 mM phosphate buffer, 1 mM EDTA at pH 7.3).
The eluted protein was incubated immediately with
10-fold molar excess of MTSL reagent and allowed to
react overnight at 4°C. Unreacted spin labeling reagent
was removed with the same desalting column. The
spin-label protein was concentrated with Amicon Ultra
10,000 MWCO. At this point, the protein contains en-
dogenous fatty acids.’” To generate the apo form of
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rIFABP, the protein was delipidated with Lipidex 1000
as described by Glatz and Veerkamp.5®

Mpyoglobin. The plasmid pET17b (Novagen, Madi-
son, WI) carrying the wild-type sequence of sperm
whale myoglobin was provided by Steven Boxer (Stan-
ford University). The individual cysteine substitutions
were introduced by using the QuickChange method
(Stratagene, La Jolla, CA). All mutations were con-
firmed by DNA sequencing.

Apo-Myb mutants were expressed, purified, and
lyophilized as described by Jennings et al.®® A fraction
of the lyophilized protein was dissolved and unfolded
in a solution containing 10 mM sodium acetate and
6M urea at pH 6.1 as described by Eliezer et al.”® After
30 min of incubation, the solution was diluted seven-
fold using 10 mM sodium acetate at pH 6.1. At this
point, a 10-fold molar excess of spin-labeling reagent
(MTSL) was added and the solution was incubated for
2 h at 4°C. The solution was dialyzed extensively
against 10 mM sodium acetate at pH 6.1 to remove
any remaining HPLC solvent and any unreacted spin-
labeling reagent. The spin-labeled protein was concen-
trated using Amicon Ultra 10,000 MWCO.

Holo-Myb mutants were purified as described by
Springer et al.°* Spin labeling was carried out at 4°C
overnight via incubation of a 10-fold molar excess of
(1-0xy-2,2,5,5,-tetramethylpyrrolinyl-3-methyl)-metha-
nethiosulfonate in spin-labeling buffer (50 mM
MOPS, 25 mM NaCl at pH 6.8). Excess spin-label rea-
gent was removed using HiTrap desalting column (GE
Healthcare) and the protein was concentrated using
Amicon Ultra 10,000 MWCO (Millipore).

Rhodopsin. The construction, expression, purifica-
tion, and spin labeling of the rhodopsin mutant V250C
in dodecyl maltoside has been described in detail
elsewhere.””

Protein immobilization on CNBr sepharose
beads

CNBr-acivated Sepharose 4B was purchased from GE
Healthcare. The lyophilized media was suspended and
washed several times with 1 mM HCI pH 2.0 following
manufacturer instructions. HCl was removed with sev-
eral medium volumes of coupling buffer (0.1M
NaHCO,, o.5M NaCl pH 8.3) except for apo-Myb,
where 10 mM sodium acetate pH 6.1 was used instead.
The spin-labeled proteins (2—4 mg) were diluted (Vi ~
400 L) in the appropriate coupling buffer and added
to the beads in a 2:1 protein solution/medium ratio.
The coupling reaction was incubated overnight at 4°C.
Any uncoupled protein was eluted with coupling buffer
and the coupling efficiency was assessed by UV280
absorption. The coupling reaction typically yielded an
estimated adsorption of 10 mg of protein per milliliter
of medium. The immobilized protein was equilibrated
with the appropriate buffer selected for EPR studies.
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Protein immobilization using glutaraldehyde
crosslinking

Four hundred micromolar of spin-label protein was
incubated with 25-fold molar excess of ice-cold glutar-
aldehyde solution (Electron Microscopy Sciences, Hat-
field, PA) at 4°C. The mixture was immediately loaded
into a sealed 0.6 I.D. X 0.84 OD glass capillary tube
(VitroCom, Inc., NJ) and the crosslinking reaction was
allowed to proceed at room temperature. The cross-
linked protein forms a gel with a yellowish color after
~15 min of incubation time.

EPR spectroscopy
For spin-labeled T4L, Myb, and rIFABP, the EPR spec-
tra were recorded in a Bruker ELEXSYS 580 fitted with
a high-sensitivity resonator at 298 K using an incident
microwave power of 20 mW and modulation amplitude
of 1 Gauss. Samples of at least 6 pL were loaded in
sealed glass capillary tubes (0.6 ID X 0.84 OD; Vitro-
Com, Inc., NJ). Spectra were recorded at X-band fre-
quency with a scan width of 100 Gauss. Solution spectra
were measured either in 30% w/w sucrose or 25% w/w
Ficoll 70 with a final protein concentration of 200-
400 pM. To obtain EPR spectra of spin-labeled proteins
immobilized on sepharose, ~ 50 pL of the gel slurry
containing the coupled protein was loaded into glass
capillary tubes (1.5 ID X 1.8 ID; VitroCom, Inc., NJ).
The rhodopsin samples in dodecyl maltoside were
loaded into a small volume aqueous flat cell (Wilmad
Glass, Co., Inc.) and equilibrated in the dark for
30 min before the spectrum for the inactive state was
collected. The protein was illuminated for 30 s in situ
(L > 514 nm) to obtain the active state, as described
by Kusnetzow et al.*” Spectra of residue 250R1 were
recorded at a modulation amplitude of 4 Gauss.

Matching the effective viscosities of Ficoll

and sucrose solutions

The spin label 1—oxyl-2,5,5-trimethyl-2,4 diphenyl-2,5-
dihydro-1H-pyrrol-3-ylmethyl methanethiosulfonate (a
gift of Kalman Hideg, University of Pecs, Hungary)
has been shown to give a nitroxide side chain (Sup-
porting Information Figure S1, Panel A) that is fully
immobilized with respect to the protein when reacted
with a surface cysteine residue.® This side chain was
introduced at site 72 in T4L where there are minimal
contributions from backbone fluctuations.** To a good
approximation, the motion of the nitroxide for this
label then measures the rotational motion of the pro-
tein as a whole. For EPR spectra of a nitroxide whose
motion is close to the rigid limit, the rotational corre-
lation time (tr) can be estimated as

AN
TR =a (1 - A_f‘z) (1)
where A, is the observed outer hyperfine splitting, AX

is the value of hyperfine splitting in the absence of
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protein rotational motion, and a and b are constants.”®
Thus, tx is measured by A,, and the concentration of
Ficoll that gives the same A, as a 30% w/w sucrose
solution at 295 K has an equal effective viscosity with
respect to protein rotary diffusion. EPR spectra were
recorded in the presence of 30% w/w sucrose
(~0.988M) and as a function of Ficoll 70 in the range
of 0-30% w/w. The hyperfine splittings were deter-
mined by individually fitting the low- and the high-
field peaks to a mixture of gaussian and lorentzian
lineshapes using the Xepr program (Bruker, Germany)
and by measuring the magnetic field separation
between the low- and high-field peaks to get 24,,. The
hyperfine splitting A,, in 30% w/w sucrose was 32.92
+ 0.02 G. A plot of A, versus Ficoll concentration
(Supporting Information Figure S1, Panel B) showed
that a solution containing 25% w/w Ficoll has a hyper-
fine splitting value of 32.94 + 0.02 G, identical to that
of sucrose within the experimental error. An overlay of
the EPR spectra of R8 at site 72 in 30% w/w sucrose
and 25% w/w Ficoll shows them to be essentially
identical (Supporting Information Figure S1, Panel C).

Determination of osmolarity of sucrose and
Ficoll 70 solutions

The osmolarity of 30% w/w sucrose and 25% w/w
Ficoll 70 solutions were measured using a Wescor
5500 vapor pressure osmometer (Wescor, UT) accord-
ing to manufacturer instructions.
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