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Pulsed dipolar ESR spectroscopy, DEER and DQC, require frozen samples. An important issue in the bio-
logical application of this technique is how the freezing rate and concentration of cryoprotectant could
possibly affect the conformation of biomacromolecule and/or spin-label. We studied in detail the effect
of these experimental variables on the distance distributions obtained by DEER from a series of doubly
spin-labeled T4 lysozyme mutants. We found that the rate of sample freezing affects mainly the ensem-
ble of spin-label rotamers, but the distance maxima remain essentially unchanged. This suggests that
proteins frozen in a regular manner in liquid nitrogen faithfully maintain the distance-dependent struc-
tural properties in solution.

We compared the results from rapidly freeze-quenched (<100 ps) samples to those from commonly
shock-frozen (slow freeze, 1 s or longer) samples. For all the mutants studied we obtained inter-spin dis-
tance distributions, which were broader for rapidly frozen samples than for slowly frozen ones. We infer
that rapid freezing trapped a larger ensemble of spin label rotamers; whereas, on the time-scale of slower
freezing the protein and spin-label achieve a population showing fewer low-energy conformers. We used
glycerol as a cryoprotectant in concentrations of 10% and 30% by weight. With 10% glycerol and slow
freezing, we observed an increased slope of background signals, which in DEER is related to increased
local spin concentration, in this case due to insufficient solvent vitrification, and therefore protein aggre-
gation. This effect was considerably suppressed in slowly frozen samples containing 30% glycerol and
rapidly frozen samples containing 10% glycerol. The assignment of bimodal distributions to tether rota-
mers as opposed to protein conformations is aided by comparing results using MTSL and 4-Bromo MTSL
spin-labels. The latter usually produce narrower distance distributions.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

obtained from the time domain signal by the Tikhonov regulariza-
tion method [5] with further refinement possible by maximum en-

Pulse dipolar spectroscopy (PDS) of paramagnetic nitroxide
bi-labels has found increasingly wide use for obtaining distances
and distance distributions between bi-labeled sites in biological
macromolecules. Combined with site-directed spin-labeling (SDSL)
[1], Double Electron Electron Resonance (DEER), for example, has
provided a highly sensitive method for measuring distances in
the range of 2-8.7 nm [2-4]. Interlabel distance distributions are
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tropy methods [6]. The nitroxide spin-labels are small and
generally non-perturbing to the function of the biomacromolecule.
The combination of PDS and SDSL has been notably useful on mac-
romolecular systems which are not amenable to more traditional
crystallographic and NMR structural determinations, such as
inherently disordered [7,8] and large, multisubunit macromole-
cules [9-11]. Thus, the growing interest in the method requires de-
tailed knowledge about the possible perturbations, which can be
introduced by experimental variables, such as sample preparation
and handling.

Here we focus on the effect of sample freezing and concentra-
tion of the cryoprotectant, glycerol, on the distance distribution,
P(r), between spin-labels attached to water-exposed residues in
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T4 lysozyme (T4L). PDS experiments require frozen samples since
they are typically performed at cryogenic temperatures, usually
below 70 K. Thus, questions arise about freezing-induced perturba-
tion to distance distributions. Even for the arguably rigid structures
found in well-defined globular proteins, PDS usually produces dis-
tance distributions between the nitroxide moieties of bi-labeled
molecules with broadening that may arise from various rotamers
of the spin-label tether [12,13] and from conformational substates
of the macromolecule. Both the rotamer and conformational distri-
butions may, in principle, be perturbed by the method of freezing.

We provide in this work specific instances of how the freezing
protocol may affect the distance distributions derived from DEER.
We compare the results from bi-labeled samples prepared in a reg-
ular shock-freezing procedure, which we refer to as ‘slow freezing’,
where slow freezing occurs in a time of 1 s or longer with the re-
sults from very fast rapid freezing which occurs on a 100 ps (or
possibly shorter) time scale. Since glycerol cryoprotectant has nor-
mally been used as a vitrifying agent to prevent excluded volume
effects resulting in formation of large water crystals and solute seg-
regation/aggregation, we also compared distances and distance
distributions from frozen bi-labeled samples under slow (1 s)
freezing conditions at 10% and 30% (by weight) glycerol. To the
authors’ knowledge, no such investigation aimed at the expanding
field of pulse dipolar spectroscopy has been done to measure the
perturbation from freezing.

The choice of T4L as a model system for our experiments was
based on the properties of this protein: T4L is a small globular pro-
tein of 164 amino acids with predominantly helical structure and
small regions of beta-sheets as revealed by crystallography [14]
(Fig. 1). It has been the paradigm protein for ESR with mutation
protocols well worked out. ESR-SDSL studies have been directed
both at ambient temperature to reflect the dynamic locale of the
spin label [1,15-17] and at low temperature to determine by PDS
the distances between bi-label sites [18]. Because of its relatively
rigid structure, T4L usually produces sharp distance distributions
from the well defined dipolar oscillations that last for several
microseconds in the DEER time-domain signals. For the present
work a set of double cysteine mutants of T4L were produced, that
are 8C/44C, 8C[128C, 65C/128C, and 65C/135C (Fig. 1), which in-
clude residues either within the same domain or residues in both
N-terminal and C-terminal domains [19]. Both MTSL and its bro-
mo-derivative have been used to help to distinguish rotamer ef-
fects on P(r).

Our major findings suggest that the procedure of sample freez-
ing for PDS in general does not introduce perturbations into the
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Fig. 1. A cartoon representation of the T4L structure, PDB code 3LZM [19]. The C;
atoms of the residues, which were mutated to cysteines and spin-labeled, are
shown as colored spheres and labeled by the number of the residue. The doubly
spin labeled residues, which were used for distance measurements are connected
by dotted lines.

protein structure/properties since we observed virtually the same
inter-spin distance maxima for slowly and rapidly frozen samples.
The freezing rate affects predominantly the population of spin-la-
bel conformers, and therefore their distance distributions. For the
slowly frozen samples, in a regular shock-freeze procedure, the
concentration of glycerol affects the efficiency of vitrification and
consequently the homogeneous distribution of protein molecules
within the sample volume. Thus, at 10% glycerol we observed
shortened phase memory relaxation time (T,,) and lowered sig-
nal-to-noise ratio (SNR) of the DEER signal because of increased lo-
cal concentration of spin-labeled protein. For rapidly frozen
samples in 10% glycerol the protein did not have such a tendency
to aggregate, and the spin-labels had longer T;,,’s and gave greater
SNR’s for the time-dependent DEER amplitude. Therefore, rapid
freezing of samples with lower concentration of glycerol might
be a useful technique to preserve the properties of proteins and ob-
tain DEER signals of high quality. We also find that the use of the
bromo-derivative of MTSL usually leads to a narrower P(r).

2. Experimental section
2.1. Mutagenesis, protein expression, purification and spin-labeling

Proteins used in this study were produced from the ampicillin-
resistant plasmid (obtained from AddGene, plasmid #18111) car-
rying the gene for cysteine-free WT* T4L, developed in the labora-
tory of Matsumura [20]. We designed four double cysteine
mutants, 8C/44C, 8C/128C, 65C/128C, and 65C/135C, and gener-
ated them by site-directed mutagenesis using the Quick-Exchange
Multi Site-Directed Mutagenesis Kit (Agilent Technologies, Strata-
gene Products Division), as instructed by manufacturer. After con-
firming the successful mutations by DNA sequencing, we
transferred the plasmids into E. coli BL21(DE3) cells, and colonies
were grown overnight at 37 °C on LB/agar/ampicillin plates. Mu-
tants were expressed at 37 °C in Terrific broth (Fluka) containing
100 pig/ml ampicillin, inoculated with cell stock solutions from sin-
gle colonies incubated overnight in LB medium at 37 °C. The pro-
tein expression was induced by adding Isopropyl-p-D-thio-
galactoside (IPTG) to a concentration of 0.75 mM to the cell culture
at an OD of 0.8. Cells were harvested within 90 min after the induc-
tion and resuspended in a buffer containing 25 mM MOPS, 25 mM
Tris, 1 mM DTT (Dithiothreitol), 1 mM PMSF (phenylmethylsul-
fonyl fluoride) and 10% glycerol, pH 7.6. We used sonication on
ice to disrupt the bacterial cell wall and release the protein into
the buffer. Cell debris was removed by centrifugation, and the
supernatants were collected for further purification. The T4L dou-
ble mutants were purified on CM Sepharose ion exchange resin
(Sigma). Two steps of washing with 40 and 100 mM NaCl were ap-
plied, and the protein was eluted with 220 mM NaCl. The eluted
T4L was analyzed by SDS-PAGE, and a single band was observed
at about 18 kDa, the molecular weight corresponding to the weight
of T4L (data not shown).

The purified double mutants of T4L were spin labeled with a
10-fold excess of either MTSL ((1-Oxyl-2,2,5,5-tetramethyl-A3-
pyrroline-3-methyl) Methanethiosulfonate) or 4-Bromo-MTSL
(4-Bromo-(1-oxyl-2,2,5,5-tetramethyl-A3-pyrroline-3-methyl)
Methanethiosulfonate) (Toronto Research Chemicals, Inc.) in a buf-
fer containing 25 mM MOPS, 25 mM Tris, 50 mM NaCl and 10%
glycerol, pH 7.6, used thereafter as the final buffer composition.
The spin-labeling was carried out for 2 h at room temperature
and continued overnight at 4 °C. The unreacted spin-label was
removed by washing the protein solutions in centrifuge concentra-
tors, 5 kDa cutoff. The final samples for each T4L mutant, prior to
pulsed dipolar measurements, were prepared in both regular
buffer with ddH,0/glycerol and with 90% D,0/glycerol-d8. All data
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shown in this paper were obtained in buffer with 90% D,0. Protein
concentration was in the range of 30-80 nM. No difference in the
DEER signals and reconstructed distances was observed from pro-
tein in buffer containing H,0/glycerol or D,0/glycerol-d8, keeping
all other conditions unchanged (data not shown). However, for
samples with H,O buffer, shorter transient evaluation times oc-
curred because there was a shortened phase memory relaxation
and a faster decay in the spin echo amplitude. We recorded the
spin-labeling efficiency at or close to 100% for all TAL mutants, as
estimated by comparing the concentration of spins to a nitroxide
radical standard [8]. The protein concentration was determined
by measuring UV absorbance at 280 nm using a calculated extinc-
tion coefficient of £ = 24750 M~! cm™! (protein properties calcula-
tor Scripps Research Institute).

2.2. DEER distance measurements

All measurements were done using a 17.3 GHz home-built Ku-
band pulse spectrometer [21,22] at 60 K. A standard 4-pulse DEER
sequence was used with 7/2-mt-nt pulse widths of 16 ns, 32 ns and
32 ns, respectively, and a 32 ns © pump pulse was used. The fre-
quency separation between detection and pump pulses was
70 MHz. The detection pulses were positioned at the low-field edge
and the pump pulse was positioned near the center of nitroxide
spin-label spectrum, close to the maximum. Distances measured
were in the range of 3-5 nm, and the DEER evolution time periods
(tm) used were from 3 to 7 s covering at least 2.5 periods of dipo-
lar oscillations for each case. The homogeneous background was
removed from the raw time-domain DEER signals and the dis-
tances were reconstructed from the base-line corrected and nor-
malized signals by using the Tikhonov regularization (L-curve)
method [5] and refined by the Maximum Entropy Method (MEM)
[6] (examples with detailed procedure of DEER signals processing
and distance reconstruction are given in Supplementary data).

2.3. Freezing methods

To study the effect of sample freezing on the DEER signal and on
its reconstructed distances and distance distributions, we used
three different methods of freezing as follows: (1) Rapid freezing
(RF) was achieved by on the sub 100 s time scale by spraying a ra-
pid, fine jet of sample onto a cryogenic metal surface (rapid-freeze
quench procedure). The samples prepared in this procedure are re-
ferred to as ‘rapidly frozen’; (2) Slow freezing (SF) occurred on the
time scale of 1.5 s and was achieved in a regular shock-freezing pro-
cedure by plunging the ESR sample tube into liquid nitrogen The
samples prepared in this procedure are referred to as ‘slowly fro-
zen’; (3) Very slow freezing (VSF) was achieved over a period of
30-40 s by placing the ESR sample tube into an empty 250 mL bea-
ker within a —80 °C freezer The samples prepared in this procedure
are referred to as ‘very slowly frozen'. The freezing techniques are
described in more detail in the following sub-sections.

2.3.1. Rapid freezing - (RF)

The micromixer for rapid freeze-quench was fabricated at the
Cornell Nanofabrication Facility. The device was used here simply
for rapid freezing rather than for kinetic mixing followed by rapid
freezing. The size of its outlet [23] was approximately
(10 pm x 100 um = 1000 pm?2), the flow velocity was 50 M/s, and
the delivery time from mixer outlet to cryowheels was 500 ps. This
system achieved rapid freezing by spraying a high velocity jet of
sample on rapidly rotating cryogenic (100 K) gold-plated, oxygen
free copper wheels. It was fashioned according to plans of Lin
et al., [23] whose rapid freeze quench system provided freeze-
quenched metalloprotein samples to within ~100 ps of mixing.
The frozen sample was removed from the rotating wheels as a fine

powder by spring-loaded Teflon scrapers. The powder was swept
into a collection funnel within the liquid nitrogen and thence to an
ESR tube where it was packed using a Teflon packing stick under li-
quid nitrogen. Samples of approximately two cm height were packed
in quartz tubes (VitroCom, Mountain Lakes, NJ) of 2.0 mm i.d.,,
2.4 mm o.d. By comparison of the sample height of packed frozen
powder to the height of sample after melting, the efficiency of pack-
ing was 60%.

We used a rapid reaction, which was the destruction of para-
magnetic 1 mM 2,2,6,6-Tetramethylpiperidinyloxy (TEMPO) by
430 mM sodium dithionite, to calibrate the freezing time on the
wheel. (this rapid reaction had previously been used to calibrate
our ambient temperature, stopped-flow ESR [24,25]). By extrapo-
lating the amplitude of the kinetically decaying signal back to zero
time of flight, we determined that the time for freezing on the
wheel was 30 ps with an uncertainty of +70 pis. The deVries group
used rapid sample freezing on a cryogenic plate, and by a series of
mixers with different output orifice sizes, they calibrated the ori-
fice size vs. freezing time. Their calibration indicates that for a
1000 pm? output orifice the actual freezing time on the cryogenic
metal would be 100-150 ps (pp. 53-56, [26]). A cryowheel device
[27] very similar to ours was developed in the lab of Brian M. Hoff-
man and was estimated to have a 5 ps freezing time. This 5 s esti-
mate was obtained from formulas and graphs developed by Bald
[28] and Jones [29] to estimate the rapid freezing time of a thin tis-
sue layer on a cryogenic metal block; this approach requires
knowledge of the low temperature sample specific heat, thermal
conductivity, and thickness. In combining our own estimates with
those of others, we would put an upper limit of 100 ps to the freez-
ing time on the cryowheel. However, the critical issue here may
not be the freezing time per se but the facility of the rapid freeze
quench method to prevent formation of ice crystals and segrega-
tion of solute, possibly by rapid formation of amorphous ice.

2.3.2. Slow freezing (SF)

In ordinary or slow freezing, the ESR-tube containing the sam-
ple solution was dipped into liquid nitrogen and shaken vigorously
until the sample was frozen. The time for heat transfer is limited by
slow heat transfer from the sample through the insulating nitrogen
vapor layer on the surface of the sample tube. The freezing time
was estimated by monitoring with a fast electronic data logger
the voltage of a thermocouple immersed in the sample tube during
the freezing procedure. The 10% glycerol solution froze at —3 °C
and the time for freezing to occur at this temperature was approx-
imately 1.3 s. It took about 3 s for the sample temperature to de-
crease from room temperature to —3 °C.

2.3.3. Very slow freezing (VSF)

In order to let the sample freeze over a longer time, we placed
the ESR-tube containing the sample in a —80 °C refrigerator. This
method is not highly advisable for biological samples as the solute
may precipitate. In cooling from room temperature the VSF sample
reproducibly supercooled to about —12 °C within 150 s and then its
temperature rapidly jumped back to the —3 °C freezing tempera-
ture, where it froze within 30-40s.

2.4. Percentage of glycerol, vitrifying agent

For an experimentally consistent comparison of results from
rapid freeze, slow freeze and very slow freeze, 10% glycerol
(weight) were used. (It should be noted that 10% glycerol is not a
necessity for very rapid freezing because good powders can be ob-
tained with no glycerol.) For rapid freezing, 30% glycerol makes the
solution sufficiently viscous that the pressures needed to achieve
rapid flow could cause breakage of the mixer assembly. For a com-
parison of the effects of glycerol on slow freezing results, samples
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with either 10% or 30% glycerol were used and the results were
compared keeping all other experimental parameters the same.
The ordinary slow frozen samples with 30% glycerol appear trans-
parent, whereas the samples with only 10% glycerol are white in
color. All ESR data reported in this study were obtained from sam-
ples containing glycerol-d8 and D,O0.

Two samples of 100 M Tempol (4-Hydroxy TEMPO) in 30% or
50% (by weight) glycerol-d8/D,0 were slowly frozen and their
DEER signals were collected under the same experimental condi-
tion as for samples of TAL doubly spin-labeled mutants.

3. Results

3.1. Effect of freezing rate on pulse-DEER signal and distance
distributions for doubly spin-labeled with MTSL T4L mutant

For all mutants we observed broadening in the distance distri-
butions when the samples were prepared by rapid freezing, as
compared to the distance distributions from slowly frozen sam-
ples. Besides the overall broadening of fast frozen samples, fast
freezing resulted also in changes in the relative intensities of com-
ponents in distance distributions. Although the rapid and slow
freezing altered the fine structures of the distance distributions,
the distance maxima corresponding to the most probable distance
between spin-labels remained virtually unchanged. In Fig. 2 (right
panels) we compare the distance distributions for all four doubly
spin-labeled mutants of T4L, 8/44, 8/128, 65/128, and 65/135 from
samples which were prepared by either rapid-freeze quench (in
green) or slow freezing in liquid nitrogen (in blue), and also very
slow freezing at —80 °C (in red for mutant 8/128). All results are
from samples containing 10% glycerol.

In detail: (i) The mutant 8/44 after slow freezing gave rise to a
sharp peak with maximum at 3.1 nm and two shoulders at shorter
and longer distances. The distance distribution from the rapidly
frozen sample is broader and also spans longer distances
(Fig. 2A); (ii) The most intriguing distance distribution was ob-
tained for doubly spin-labeled mutant 8/128. This particular mu-
tant yielded a bimodal distance distribution with well separated
peaks having maxima at 3.7 nm and 4.0 nm when frozen slowly
(Fig. 2B). The very slowly frozen sample (frozen over 30 s or more)
showed the sharpest features in the distance distribution. How-
ever, the two peaks of 8/128 mutant are merged into one broad
peak with the rapidly frozen sample; (iii) The inter-spin distances
from slowly frozen mutant 65/128 showed a sharp peak with a
maximum at 4.8 nm and a shoulder at 4.4 nm, and again, general
broadening with a relative increase in the intensity of its peak at
4.4 nm with respect to the peak at 4.8 nm when rapid-frozen
(Fig. 2C); (iv) The slowly frozen 65/135 mutant showed primarily
a sharp peak at 4.6 nm with a shoulder at 4.2 nm, while its rapidly
frozen counterpart was broadened overall and showed a more in-
tense shoulder at 4.2 nm (Fig. 2D).

An interesting observation from this experiment was also the
effect of freezing rate on the DEER time-domain signals: The slowly
frozen samples with 10% glycerol for all doubly spin-labeled mu-
tants produced time-domain signals with reduced SNR, as com-
pared to signals from rapidly frozen samples with the same
content of glycerol (Fig. 2, right panels). We further elaborate on
this effect in more detail in the next sections.

3.2. Effect of the concentration of glycerol vitrifying agent
(cryoprotectant) on pulse-DEER signal and distance distributions for
doubly spin-labeled with MTSL T4L mutant

To better understand how glycerol alters the quality of DEER
data and the resultant distance distributions, we used two different

concentrations of glycerol, which were 10% and 30%, under slow
freezing conditions, and for completeness, we also included a com-
parison to corresponding rapidly frozen samples containing 10%
glycerol. The distance distributions of the slowly frozen 10% and
30% glycerol samples were narrower and similar to each other,
while the rapidly frozen distances and distributions were, as al-
ready shown in Fig. 2, broader. Raw time-domain DEER, base-line
corrected DEER signals, and reconstructed distances are shown in
Fig. 3, A, B, C for mutants 8/44, 8/128, and 65/135, respectively.
As a function of freezing method, differences are observed in the
raw time-domain signals, which are the product of the dipolar sig-
nal of the coupled intramolecular spins of interest (Vin¢2) and inter-
molecular spin-spin interactions with spin-labeled molecules from
the surrounding (Vineer) [2,3,30]. The latter Vi, manifests itself in
an exponentially decaying background signal (plotted in gray in
Fig. 3A-C, left-most panels), which reports on the local spin-con-
centration. For slowly frozen samples, we observed a significantly
increased slope in the background signal in the raw DEER data
when 10% glycerol was used, compared to corresponding samples
containing 30% glycerol. Interestingly, when the samples with 10%
glycerol were rapidly frozen, they gave raw DEER signals with shal-
lower slopes, comparable to those from slowly frozen samples con-
taining 30% glycerol (Fig. 3A-C, left-most panels). The dipolar
signals were extracted by removal of the homogeneous back-
ground (the exponential slope due to Vi) Fig. 3A-C, middle pa-
nel, shows the similarity of the dipolar signals V., of the different
mutants, where we note that the rapidly frozen samples showed
less amplitude in their longer time oscillations (because of the
wider breadth of their distance distributions) and the slowly frozen
sample in 10% glycerol showed a poorer SNR, because of enhanced
intermolecular spin-spin interactions due to protein segregation,
resulting into shortened Ty,’s.

3.3. Rapid vs. slow freezing: effective local spin concentration

To further investigate how to produce a more uniform spin dis-
tribution within a sample by rapid-freezing, we performed a con-
trol experiment with 100 uM Tempol (4-Hydroxy TEMPO) in 30%
and 50% (by weight) glycerol-d8/D,0: We collected the DEER sig-
nal at the same experimental condition as for samples of T4L dou-
bly spin-labeled mutants. Since in the case of Tempol in glycerol/
water there are no coupled spins (i.e. there is no Viy.), the only
contribution to the DEER signal is the interaction with neighboring
molecules producing an exponentially decaying slope proportional
to the local spin-concentration (Fig. 4A). From this slope we could
estimate the local spin concentration and compare it with the ac-
tual concentration of Tempol molecules. In DEER the inter-molec-
ular interactions are characterized by the following equation
[3,22,31]:

Vinter(t) = exp(fkt) (1)
with a decay rate per microsecond

1073

-1 _
K =1.0027- 5 )

where C is the molar concentration and p is the probability of flip-
ping B spins by the pumping pulse. For our experimental conditions
we found that p is equal to 0.23 from calculations and confirmed by
experiment. Therefore the local spin-concentration can be calcu-
lated from the slope of the inter-molecular DEER signal. In the case
of Tempol in 50% glycerol we obtained a slope of —0.023 per micro-
second on a logarithmic scale and calculated a local spin concentra-
tion of 100 uM, which corresponds to the actual concentration of
Tempol molecules in the sample, and indicates that a fully vitrified
glycerol-d8/D,0 mixture provides a homogeneous distribution of
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Fig. 2. This figure provides base-line corrected and normalized DEER signals (left) and corresponding reconstructed distances and distance distributions (right) for four bi-
spin labeled mutants of T4L. The data labeled (A) are for mutant 8/44; (B) for mutant 8/128; (C) for mutant 65/126; and (D) for mutant 65/135. The DEER signals and distance
distributions obtained for rapidly frozen (RF), <100 ps, samples are plotted in green, those for slowly frozen (SF) samples, within 1 s, are in blue, and those for very slowly
frozen (VSF) samples, within 1 min or more, are in red. All samples contained 10% glycerol. The distance distributions are normalized to unity at maximum intensity.

solute molecules at cryogenic temperatures. In the case of 30% glyc-
erol we obtained a slope of —0.046 per a microsecond on logarithm
scale and calculated a local spin concentration of 200 uM, which is
twice the actual concentration of Tempol molecules, indicating
inhomogeneity in the distribution of Tempol molecules due to
aggregation. Then we compared the slopes which we used to
approximate the background signals for T4AL samples prepared by
rapid freezing in 10% glycerol and those regularly frozen in liquid
N, in 30% glycerol and we found that rapid freezing decreases the
local spin concentration by approximately a factor of 1.5-2, similar
to fully vitrified sample of Tempol in 50% glycerol-d8/D,0, which is
shown in Fig. 4B and C for doubly spin-labeled with MTSL mutants
8/128 and 65/135. However, for the samples containing 10% glyc-
erol and frozen in a regular shock-freeze procedure the decay of
the background signal was 5-6 times larger than those for rapidly
frozen sample in 10% glycerol (Fig. 4B and C). We demonstrate this
effect in more detail by using the data for mutant 65C/135C: The
slopes of the background signals on logarithm scale were —0.028,
—0.057, and —0.133 yielding local spin concentrations of 122 pM,

248 uM, and 578 uM for rapidly frozen sample in 10% glycerol,
slowly frozen sample in 30% glycerol and slowly frozen sample in
10% glycerol, respectively. The protein concentration estimated by
UV absorbance at 280 nm protein concentration was 56 pM, which
is in very good agreement with the local spin concentration in rap-
idly frozen sample in 10% glycerol for doubly spin-labeled T4L mol-
ecules. However, such an agreement could be affected by several
sources of error, such as absolute protein concentration determina-
tion, presence of unreacted spin-label and others.

3.4. Probing the protein conformation vs. spin-label rotamer
conformation: MTSL vs. 4-Bromo MTSL

Since we observed relatively complex distance distributions for
all MTSL doubly spin-labeled mutants, it was not obvious whether
these distance distributions originate from multiple protein back-
bone conformations trapped during sample freezing, or whether
they reflect just the population of different MTSL rotamers. To an-
swer this question: we spin-labeled three of the T4L mutants,
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Fig. 3. This figure shows raw time-domain DEER signals together with the best approximation of the homogeneous background (left), base-line corrected (with removed
background) and normalized DEER signals (middle) and corresponding reconstructed distances and distance distributions (right) acquired for: (i) slowly frozen (SF) samples
containing 10% glycerol (blue), (ii) slowly frozen samples containing 30% glycerol (black), and (iii) rapidly frozen samples (RF) containing 10% glycerol (red). The data are
labeled (A) for mutant 8/44; (B) for mutant 8/128, and (C) for mutant 65/135. The data for very slowly frozen sample of mutant 8/128 are also shown in panel B in red. The
distance distributions are normalized in arbitrary units to unity at maximum intensity.
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Fig. 4. This figure provides the DEER background signals in logarithm scale for samples of 100 uM Tempol and doubly spin-labeled mutants of T4L both slow frozen: Panel A
shows the experimental DEER signals in logarithm scale for samples with 100 pM Tempol in 30% and 50% Gly-d8/D,0 (in black) and their linear fits (in red). Panel B shows the
homogeneous background of the DEER signals for samples of doubly spin-labeled TAL mutant 8C/128C prepared by rapid freezing (in green) in 10% glycerol, slow (regular)
freezing in 30% glycerol (in black) and slow (regular) freezing in 10% glycerol (in blue). Panel C shows the homogeneous background of the DEER signals for samples of doubly
spin-labeled T4L mutant 65C/135C prepared by rapid freezing in 10% glycerol (in green), slow (regular) freezing in 30% glycerol (in black) and slow (regular) freezing in 10%
glycerol (in blue). For the clarity of presentation, all background signals were normalized to unity in the original echo-amplitude scale. The CW ESR spectra of spin-labeled
double cysteine mutants 8C/128C and 65C/135C in 10% glycerol at RT are shown in panels B and C. As seen, the contribution of free spin-label to the CW ESR spectrum
(designated by asterisk in panel C) and consequently to the background in DEER signals is insignificant.

contained 30% Glycerol. The time-domain DEER data and distance
distributions for doubly spin-labeled with MTSL (green) and

8C/44C, 8C/128C, and 65C/135C, with the 4-Bromo derivative of
MTSL. The samples were regularly shock-frozen in liquid N, and
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4-Bromo MTSL (orange) are compared in Fig. 5. Indeed, the two
spin-labels produced somewhat different time-domain DEER sig-
nals and distance distributions, which we believe reflect different
populations of side chain rotamers. In general the distance distri-
butions from 4-Bromo MTSL were narrower. Interestingly, in the
case of mutant 8C/128C spin-labeled with 4-Bromo MTSL a single
peak distribution was obtained, which coincides with the peak at
4 nm in the bimodal distance distribution using MTSL.

4. Discussion

4.1. Implications of the sample freezing rate on distance distributions:
contributions from tether rotamers and/or protein conformations

Our initial objective was to determine the perturbation on the
protein structure due to freezing conditions since this perturbation
could affect the interpretation of the results from DEER measure-
ments. Therefore, we conducted experiments on samples which
were frozen at three substantially different freezing rates: rapidly
(within 100 ps), slowly (within 1s) and very slowly (within 30-
40s). Our results show the distance maxima between studied
spin-labeled sites are in general unchanged, regardless of the freez-
ing method (rate) used.

Compared to slowly frozen samples, the rapidly frozen samples
showed broadened inter bi-label distance distributions for all the
double mutants studied. The logical assumption is that with rapid
freezing a larger ensemble, including higher energy states, of spin
label, possibly including protein conformers is rapidly trapped.
Since one studies frozen samples at cryogenic temperature, the
contribution from the dynamical properties of the spin-label and/

or protein is limited by the freezing times, which determine the
capacity of the system to relax to the lowest energy microstates
at temperatures of liquid N,. The shortest freezing time in our
experiments was <100 ps. This puts a 100 ps upper limit on the
time for conformers and rotamers to find the available lowest en-
ergy microstates on the energy landscape. This landscape is pro-
vided by the system, which is the protein, and by nearby,
protein-coupled solvent. Of relevance to the nature of that solvent
is the likelihood that rapidly frozen samples [32], including those
like ours prepared by spraying onto a cold metal surface below
130 K [26], consist of amorphous ice, a solid that exhibits a disor-
dered liquid-like arrangement [33]. If our rapidly frozen sample
consists of amorphous ice, then the protein side chains and spin la-
bel tethers appear to have been frozen in a disordered state with-
out the time to search the protein-solvent landscape for energy
minima. Slower freezing with a longer time at the freezing point
should enable the protein, the label, and the protein-coupled sol-
vent to achieve a reduced number of well resolved energy minima.
Indeed, the slowest frozen samples showed a distance distribution
with sharpest peaks, but fewer features.

It was interesting to determine whether, in our experiment, we
could trap both spin-label and protein conformers, which are pos-
sibly affected by the sample freezing rate, and to distinguish their
relative contributions to our experimentally obtained distance dis-
tributions. Recently, an NMR study on L99A T4L reported co-exis-
tence in solution of a stable long lived conformation and a
transient, much less populated, conformation with life time of
about 1 ms [34]. Protein plasticity as a prerequisite for functional-
ity has emerged as a general idea in protein science [34,35]. There-
fore multiple approaches and methods to characterize these states

Ao 03
3 8/44 8/44
B 02
z MTSL _
§ o 4-Bromo MTSL -
3
E o.o-V\avw—-
[=]
z i i L 1
0 1 2 3 4 5 6 1 2 3 4 5 6
B o 03[
g 8/128 8/128
= 02
£ MTSL
i 04l 4-Bromo MTSL z
ﬁ o
s
£
S
=z ;
7 2 3 4 5 6
C o 03f
2 65/135 65/135
= o2
E MTSL _
- 01} 4-Bromo MTSL =
ﬁ o
E" 0.0
2
Vo2 3 4 5 6 71 2 3 4 5 6

Time (us)

Distance (nm)

Fig. 5. This figure provides experimental base-line corrected and normalized DEER signals and reconstructed distances and distance distributions for TAL mutants 8/44 (panel
A), 8/128 (panel B), 65C/135C (panel C) spin-labeled with MTSL (green) and 4-Bromo MTSL (orange) are shown. The samples were regularly shock-frozen in liquid N, and
contain 30% glycerol. The distance distributions are normalized in arbitrary units to unity at maximum intensity.
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are necessary. However, our experiments with 4-Bromo MTSL have
implied that tether rotamers contribute significantly to the ob-
served distance distributions. 4-Bromo substituted MTSL was used
previously in a study of T4L at physiological temperatures and it
was found that this spin-label has more restricted mobility when
compared to MTSL due to restricted amplitude of internal bond
rotations in the side chain [12]. Therefore the expectation was to
obtain narrower distance distributions when using 4-Bromo MTSL
instead of MTSL, and this expectation was in general agreement
with our results. To further help in understanding the origin of
our observed distance distributions, we performed an additional
analysis by using molecular modeling software (MMM) [13] which
predicts possible weighted rotamers of MTSL, and consequently
distance distributions, based on force fields and existing structures
at atomic resolution. A large number of rotamers was calculated
for each solvent exposed spin-labeled residue of T4L yielding dis-
tance distributions between each pair of spin-labeled residues that
are complex. The resolution of the calculated distance distributions
was insufficient to distinguish contributions from protein confor-
mations (Supplementary data).

4.2. Dependence of DEER signal on glycerol content and sample
freezing rate

Rapid freeze-quench allows for the possibility of trapping high
energy rotamers of the spin label (and possibly protein conformers,
if the resolution of the experiment allows) and thereby to report on
properties of the system at higher temperatures corresponding to
more physiological conditions. Also we noticed a reduction of the
background signal of the DEER experimental data for rapidly frozen
samples when compared with the samples prepared by slow freez-
ing in liquid Ns. This background signal is produced mainly by the
mechanism of instantaneous spin diffusion due to spin-spin inter-
actions with neighboring spin-labeled molecules and therefore de-
pends on the effective local spin concentration [22,31]. Therefore
we concluded that rapid freezing provides a more uniform (isotro-
pic) distribution of spin-labeled molecules within the sample vol-
ume thereby reducing the contribution of inter-molecular spin-
spin interactions to the DEER signal. This increases the phase mem-
ory relaxation times (Ty,’s) and also facilitates the data analysis. For
samples of a small globular protein like T4L in 30% glycerol pre-
pared by slow freezing in liquid N, the slope of the background
DEER time-domain signal, resulting from the effective local spin-
concentration, increases by about a factor of 1.5-2 when compared
to the bulk spin concentration. However, this increase is about a
factor of 5-6 for samples containing 10% glycerol and prepared
by slow freezing (Fig. 3, left-most panel, Fig. 5), indicating high lo-
cal spin-concentration due to insufficient glycerol/water vitrifica-
tion and protein aggregation. The direct implication of the latter
effect on the DEER data is shortened Ty,’s, resulting in lower SNR
of the time-domain signals, insufficient time for signal evolution,
and reduced resolution of reconstructed distances.

The amount of glycerol used in biological samples for low tem-
perature ESR is highly empirical, and one should, in general, avoid
using too high a concentration of glycerol, since there is risk of
modifying the properties of proteins, for example their solvation
and dynamic behavior [36,37] Our results here clearly show that
samples containing sufficiently homogeneous distributed bi-spin
labeled protein molecules can be achieved at low glycerol concen-
tration, as small as 10%, when rapid freezing is used.

5. Conclusions

We used bi-spin labeled T4L mutants prepared at different
freezing rates and with different concentrations of vitrifying glyc-

erol cryoprotectant to study freezing-induced perturbations on
the distance distributions derived from DEER. Results of note were:

(i) The freezing rate alters the distance distribution, most likely
because trapping of spin-label conformational substates
depends on the rate of freezing. Rapid freezing (<100 ps)
provides a broadened distribution; slow freezing (>1s)
showed better resolved and narrower features.

(ii) No difference was observed in the mean interprobe distance
from the same mutant, regardless of freezing rate or cryo-
protectant percentage, which suggests that the freezing of
protein samples for study at low temperatures does not per-
turb the structure significantly.

(iii) Slow freezing with higher cryoprotectant (30% glycerol) or
rapid freeze-quench done at 10% glycerol both provided
samples having a distribution of spin-labeled biological mol-
ecules/complexes with long phase memory times, reduced
intermolecular spin-spin interactions, and good DEER SNR.

(iv) The use of the Bromo-substituted MTSL typically leads to
narrower distance distributions probably because of fewer
low-energy rotamers and is helpful to distinguish when
bimodal distance distributions result from rotamers of
unsubstituted MTSL.
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