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Probing the Structure and Dynamics of a Protein-DNA Complex Using Electron Spin
Resonance
Jessica Sarver, PhD

University of Pittsburgh, 2012

In this thesis, we employ site-directed spin labeling and electron spin resonance to probe the
changes in structure and dynamics for different ECORI-DNA complexes. EcoRlI is a restriction
endonuclease that, due to its high binding specificity, is a model system for investigating protein-
DNA interactions. Distance constraints were previously obtained for spin-labeled mutants of
EcoRI in complex with DNA. However, the length and flexibility of the spin label convolute
these distance measurements, making it difficult to extract biologically relevant information.
We performed molecular dynamics (MD) simulations on the spin-labeled EcoRI-DNA complex
to understand the packing and dynamics of the spin label. We show that correlated distance
constraints can be leveraged with MD simulations to learn about the preferred conformers of the
spin label on sites in an a-helix and a B-strand. In addition, we used the simulations to gain
information on the backbone motion at the spin-labeled site by measuring the C,-C, distributions.

Dynamics and order may play a role in the DNA binding specificity of EcoRI. We
performed continuous wave (CW) experiments to measure the dynamics and order of EcoRI
bound to its specific, miscognate (one base pair mismatch) and nonspecific (>2 base pair
mismatch) DNA sites. We analyzed CW spectra for three EcoRI complexes spin-labeled at
various sites in a region of the protein that is believed to play a role in the binding specificity of
EcoRI. Simulation of the spectra provided details on the change in dynamics and order in the
different complexes. We found the protein-DNA interface to be most sensitive to the changes
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between the complexes. Spin-labeled sites further from the DNA were found to show little
variation in dynamics between the complexes.

Lastly, this thesis discusses the comparison of two distance measurement techniques for a
metal-nitroxide system. We performed distance measurements between a bound Cu?* and a spin
label on two polyalanine peptides of differing length using DEER and relaxation-based
saturation recovery experiments. By comparing the results of both measurements, we show that
the relaxation-based technique is biased to shorter average distances. This work highlights the

advantages of using DEER to perform metal-nitroxide distance measurements.
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1.0 INTRODUCTION

Site-directed spin labeling (SDSL) used in conjunction with electron spin resonance (ESR)
spectroscopy has become an important biophysical tool to probe the structure and dynamics of
biological systems. In SDSL, a spin label, possessing a stable nitroxide radical group, is site-
specifically attached to the peptide or protein of interest.(1-4) The presence of the spin label can
be used to probe distance constraints and dynamics within the system. Double electron-electron
resonance (DEER), a pulsed ESR technique, is often used to measure the distance between two
or more spin labels by measuring the dipolar interaction between them.(5-8) DEER is
advantageous as it not only provides the average distance between the two spin labels, but a
distance distribution as well. Alternatively, relaxation-based measurements, such as the pulsed
saturation recovery experiment, can be used to measure the dipolar interaction between a slow
(spin label) and fast (metal) relaxing spin.(9-13) The change in relaxation of the spin label in the
presence and absence of the fast relaxing metal enables the average distance between the two
spins to be determined. In addition to distance measurements, ESR can also be used to probe the
dynamics of the spin-labeled system through continuous wave (CW) experiments. The spectral
line shape of the CW spectrum is sensitive to the motional dynamics and order of the spin label
and spin-labeled site. Therefore, quantitative information on dynamics can be gained by fitting

the CW spectra to simulation.(14-16)



ESR is useful for probing systems that may not be amenable to other techniques such as
NMR and X-ray crystallography. However, the added length and flexibility of the spin label
convolutes the biologically relevant details that can be gained through ESR measurements.
Therefore, an understanding of the packing and dynamics of the spin label is needed. In chapter
2, molecular dynamics simulations are used to extract the preferred conformers of the spin label
in EcoRl, a restriction endonuclease. Comparison to DEER experimental distance distributions
is used to validate the simulated results. The simulations provide insight into the preferred spin
label conformations and backbone mobility at the spin-labeled sites of EcoRl.

Dynamics and order may be important determinants of the specificity with which some
DNA-binding proteins recognize their specific DNA sites. For this reason, SDSL was used to
resolve changes in the dynamics of EcoRI bound to its specific, miscognate (one base pair
mismatch), and nonspecific (> 2 base pair mismatch) DNA sites. CW spectra were collected and
analyzed to measure the dynamics at several spin-labeled sites of EcoRI at two different
frequencies. The results for the CW analyses are discussed in Chapter 3.

In Chapter 4, a comparison is made between two ESR-based distance measurement
techniques. The distance between a bound Cu®* ion and a spin label present on two polyalanine
peptides of differing lengths is measured. Comparisons are made between the DEER and
relaxation-based experiments in measuring the average distance and the effect the distance
distribution has on these measurements.

The subsequent sections of this chapter will discuss the ESR theories and techniques

utilized in the research presented in this thesis.



11 ESR INTERACTIONS OF A SPIN-LABELED SYSTEM

1.1.1 Site-Directed Spin Labeling of Biological Systems

Site-directed spin labeling (SDSL) is utilized in a variety of biological systems including soluble
and membrane proteins as well as DNA and RNA.(1, 4, 17-19) SDSL is performed by first
using site-directed mutagenesis to mutate the residue of interest into a cysteine residue. The free
cysteine is then reacted with the spin labeling reagent methanethiosulfonate (MTS) which reacts
with the sulfur group present on the end of the cysteine residue. The reaction scheme for SDSL
is illustrated in Figure 1-1. The sulfur-sulfur bond that is formed between the cysteine residue
and the spin label covalently links the spin label to the protein providing the unpaired electron
spin needed to perform ESR measurements. Spin-labeled locations that are mostly solvent
accessible are chosen so that they are accessible to the MTS. For such locations, labeling causes
little to no perturbation to the protein structure or function.(20-21) For this reason, this is a

widely utilized technique for performing ESR measurements on biological systems.

1.1.2 Spin Hamiltonian for a Nitroxide System

In the presence of an external magnetic field, the unpaired electron spin of the spin label interacts
with the field, as well as with surrounding electron and nuclear spins. The spin Hamiltonian for

the electron spin in a magnetic field can be written as:

~ - A

H=pBB-G-S+S-A-l (1-1)
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Figure 1-1. Site-directed spin labeling of a free cysteine on a peptide using the

methanethiosulfonate (MTS) spin labeling reagent.



where P is the Bohr magneton, Bis the external magnetic field vector, § is the electron g-

tensor, and S is the electron spin angular momentum operator. In the second term, A is the
hyperfine tensor and T is the nuclear spin angular momentum operator. The first term describes
the Zeeman interaction between the electron spin and the external magnetic field. The second
term is the hyperfine interaction between the electron and nuclear spins. In the spin label, this is
the interaction between the unpaired electron and the nitrogen atom of the nitroxide. The
hyperfine interaction consists of an isotropic (Fermi) and anisotropic term (dipolar).

In the case where the spin label is tumbling fast in solution (rotational rates of ~10°-10"
s™1), the anisotropy in the g and A-tensors will average out. In this case the isotropic g and A

values can be used, and these are defined as:
Qiso :%(gxx"‘gyy"'gzz) (1-2)

A =3(Ax+A, +A,;) (1-3)
where Oxx, Oyy, 92z, Axx, Ayy, and Az, describe the principal components of the g-tensor and A-
tensor.
If the external magnetic field is taken to be aligned along the z-axis and under the high-
field approximation, the Hamiltonian can be rewritten as:
H = 015,805, + AgoS, 1, (1-4)
Here By represents the z-component of the external magnetic field and §Z and fz are the z-
components of the electron and nuclear spin angular momentum operators, respectively. The

electron Zeeman interaction breaks the degeneracy of the electron spin energy levels in the

presence of an external magnetic field. This yields two energy levels for the spin states of the S,



operator characterized by the quantum numbers ms = +1/2 and -1/2. Hence, the energy of each
state can be expressed as:

E=g9./.B,ms + A, mm, (1-4)
where E is the energy of the level, and m, is the quantum number for the nuclear spin state.

In the spin label the unpaired electron is delocalized over the nitroxide bond between the
nitrogen and oxygen atoms. Due to the fact that the oxygen atom (*°O — natural abundance =
99.76%) has a nuclear spin quantum number of O, there is no hyperfine interaction between the
unpaired electron spin and oxygen atom nuclear spin. On the other hand, the nitrogen atom (**N
— natural abundance = 99.63%) has a nuclear spin quantum number of 1. Therefore three nuclear
spin states of nitrogen can exist: m; = +1, 0, -1. Due to the hyperfine interaction with the
nitrogen nuclear spin, the energy levels of the electron spin are split even further. The electron
spin energy levels and their splitting are illustrated in Figure 1-2. Based on the ESR selection

rules, Amg = +1 and Am; = 0, there are three allowed transitions.
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Figure 1-2. Nitroxide energy level diagram. In the absence of a magnetic field (Bo = 0)

the electron spin energy levels are degenerate. When an external magnetic field is applied (Bo #
0), the electron spin energy levels split due to the Zeeman interaction. These energy levels are
further split due to the hyperfine interaction with the neighboring nitrogen nuclear spin in the

nitroxide moiety. The three allowed transitions are shown.



1.2 THE USE OF CONTINUOUS WAVE ESR TO PROBE MOLECULAR

DYNAMICS

The transitions in Figure 1-2 give rise to the three peaks of the nitroxide CW spectrum. Due to
the anisotropy of the g and hyperfine interactions, the resonance frequency of the electron spin is
sensitive to the orientation of the spin label with respect to the magnetic field. This orientational

sensitivity manifests itself in the characteristic line shapes of the nitroxide spectrum.

1.2.1 Orientational Sensitivity of the Nitroxide Spectrum

The contribution of the two anisotropic terms (g and hyperfine), and hence orientational effects,
to the nitroxide CW spectrum is illustrated in Figure 1-3. In Figure 1-3A, the magnetic axes of
the g- and A-tensors are defined with respect to the spin label. The orientation of these tensors
has been resolved through theoretical and experimental studies.(22-23) The axes have been
chosen so the g-values follow the trend gy« > gyy > 0z Thus, the g, axis lies along the p, orbital
of the nitrogen atom, the gy axis is parallel to the N-O bond, and gy is orthogonal to both axes.
The typical values for the three magnetic axes of the g-tensor are: gy = 2.009, gyy = 2.006, g,; =
2.002.(24) Due to the different g-values, the resonance field for each orientation is different
[equation (1-1)]. The orientational dependence of the nitroxide spectrum is shown in Figure 1-
3B. Here, theoretical spectra were calculated with the magnetic field directed along each of the
three magnetic axes individually. It can be seen that due to the difference in the g-values, the

field positions of the X, y, and z oriented spectra differ (colored dashed lines).
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Figure 1-3. A. The orientation of the g- and A-tensors with respect to the spin label is
defined along the three magnetic axes. B. The orientational effects of the g-values and hyperfine
splitting. C. In a nitroxide powder (low temperature) spectrum only the A, hyperfine splitting is
resolved. D. When the spin label undergoes faster motions the spectrum becomes isotropic, here

the hyperfine splitting is reduced to the isotropic value.



In addition to the change in field position, each spectrum is split by the hyperfine
coupling to the nitrogen atom as discussed in Section 1.1.2. Like the g-tensor, the hyperfine
splitting is orientation dependent. However, in the spin label the g-tensor typically displays
rhombic symmetry where as the hyperfine splitting values are axially symmetric. The typical
values of the hyperfine splitting are: Axx = Ayy = 6 G, A;; =32 G.(24) The orientation of the g-
tensor and A-tensor is typically collinear.

At 9 GHz, the small shifts in the g-values and the small A,x and Ayy hyperfine splitting
are typically unresolved. Shown in Figure 1-3C is a powder (low temperature) nitroxide
spectrum. The major characteristic of this spectrum is the Az hyperfine splitting (2A; is
highlighted by the dashed lines). All other orientational components overlap in the spectrum and
contribute mainly to the central line width of the m; = 0 (center) peak. In the case of a spin label
experiencing fast rotational motion, these orientational effects are averaged out. This results in a
nitroxide spectrum characterized by the isotropic g and A values. An isotropic nitroxide
spectrum is shown in Figure 1-3D where the hyperfine splitting is reduced to the isotropic value

(Aiso ~ 18 G).

1.2.2 CW Models Based on the Stochastic Liouville Equation

The differences between the spectra in Figures 1-3C and 1-3D demonstrate the sensitivity of the
CW spectrum to the motional dynamics of the spin label. To further illustrate this point,
nitroxide spectra were simulated using different spin label rotational rates (R ). It can be seen
from these spectra, shown in Figure 1-4, that the spectral line shape is sensitive to the change in
the rotational rates. This spectral sensitivity to spin label motion can be exploited to understand
the dynamics of spin-labeled systems.

10
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Figure 1-4. Nitroxide spectra were simulated using different rotational rates (R ) of the

spin label to indicate the sensitivity of the spectra to spin label motion.
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Analysis of the CW spectral line shape has proved to be an effective method to resolve
the dynamics of spin-labeled biological systems.(1, 4, 18, 25-28) Quantitative parameters such
as the inverse central line width (8%) and the second moment (<H?>) of the CW spectra provide
insight into the mobility of the spin-labeled sites.(4, 18, 21, 29) However, to gain a deeper
understanding of the system dynamics, fitting the CW spectra by simulation is needed.

Calculation of the ESR spectrum can be done using the stochastic Liouville equation
(SLE). Based on the SLE, Freed and coworkers have developed models to calculate the
spectrum of a spin label undergoing reorientational motions.(14-16) The first model considered
here is the anisotropic Brownian diffusion model. In this model, rotational diffusion of the spin
label is simulated as a series of infinitesimal reorientational steps. This rotational diffusion
occurs about the axes of a rotational diffusion frame, which is fixed relative to the magnetic
frame of the spin label. The anisotropic Brownian diffusion model would be applicable for
describing the motions of a free spin label in a solution. Such a case is illustrated if Figure 1-5.
Here the motion of the spin label with respect to the external magnetic field is modeled using the
rotation of the spin label magnetic frame (orange) about the rotational diffusion axes (blue). The
rotational rates of the spin label about the axes of the rotational diffusion frame can be defined

using axial rotational diffusion parameters described by (15):

R =3/RIR,
(1-6)

Ry

N=—

RL

Here, Rjand R, are the axially symmetric rotational diffusion rate constants, R is the average
rotational rate constant and N is the anisotropy parameter. Together these parameters describe

the rotational motions of the spin label as well as the anisotropy of these motions. Another



Bo

Figure 1-5. The Brownian diffusion model can be used to explain the rotational motions
of a free spin label in solution. The magnetic frame of the spin label (Xm, Ym, Zm) defines the
orientation of the g and A parameters (orange). The rotational diffusion frame describing the
rotational motions of the spin label is defined by Rjand R, (blue). Inset: The transformation of

the rotational diffusion frame into the magnetic frame is done using the Euler angle, Bp.
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parameter that can be used to describe these motions is the rotational correlation time, t, which
can be defined as (16):

1
6R

T =

(1-7)

Lastly, three Euler angles are defined to transform the rotational diffusion frame into the spin
label magnetic frame (op, Bp, Yp). FoOr axially symmetric rotational parameters only the fp angle
is typically needed.(30-31)

Another model that has been developed to describe the motions of the spin label is the
microscopic order macroscopic disorder or MOMD model. In this model, the same rotational
parameters are used as in the anisotropic Brownian diffusion model. However, an ordering
potential is applied which constrains the spin label motion such that the spin label samples a
restricted range of orientations. The MOMD model is well-suited for the simulation of a spin-
labeled site on a protein. Here, the spin label can experience rotational motions as described in
the anisotropic Brownian diffusion model. However, these motions may be restricted due to the
local environment of the spin label, i.e. the protein backbone and local side chains.

The orientation of this potential can be described by a director axis (zp) which is fixed
relative to the protein. The ordering potential, U, is expressed by a series of spherical harmonics

(14):
U(9:¢)ZZCLK Dy (6, 9) (1-8)
LK

where 0 and ¢ are the Euler angles which specify the orientation of the director axis with respect

to the rotational diffusion frame. c k represents the dimensionless potential energy coefficient
for the harmonic function D . In most cases, the DZ(8) term is sufficient to describe the spin

label ordering potential and has the form:

14



D2(0) = % (3cos® 0—-1) (1-9)

The effect of the ordering potential on the ESR spectrum is a distribution of spin label

orientations produced by the potential which can be represented by the order parameter, Syo:
2z
j exp[-U (9)/KT]DZd@
Sy =(D3 (0)) = <%(3c052 0-1))=-" (1-10)
j exp[-U (6) /KT 1d@
0

Here, k is the Boltzmann constant and T is the temperature.

Figure 1-6 illustrates the use of the MOMD for a spin-labeled protein system. Here, the
magnetic and rotational diffusion frames describing the rotational motion of a spin label located
on a protein molecule are the same as in the anisotropic Brownian diffusion model (Figure 1-6,
gray box). Also present, however, is the director axis (zp), fixed relative to the protein, which
describes the ordering potential. This ordering potential induces a microscopic ordering of the
spin label with respect to the protein. However, in solution, the protein molecules, and hence
their director axes, are randomly oriented with respect to the external magnetic field. This
macroscopic disorder is implemented in the MOMD model by integrating over a distribution of
director orientations. This disorder is illustrated at the top of Figure 1-6, where the protein
molecules, and thus director axes, are randomly oriented with respect to the external magnetic
field vector.

Lastly, the slowly relaxing local structure or SRLS model was developed to account for
motion of the ordering potential on the ESR timescale.(14, 32-33) This effect can arise from
motions which are slow on the ESR timescale such as backbone motions or the global tumbling
of the protein. In both cases, the motions of the spin label are oriented in a local environment

that is rotating on a longer timescale. Thus, the change in orientation of the ordering potential is

15



Figure 1-6. The MOMD model can describe the dynamics of a spin label attached to a
protein molecule. Here the rotational dynamics of the spin label are modeled in the same way as
for the anisotropic Brownian diffusion model, however, an ordering potential is implemented.
The director axis, zp, is defined relative to the protein and describes the ordering potential which
restricts the spin label motion. Although the spin label is microscopically ordered, the protein

molecules are randomly distributed in solution (macroscopically disordered).
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accounted for in the SRLS model. The reorientational rate of the ordering potential is described
using additional rotational diffusion parameters R”Cand R{ (illustrated in Figure 1-7).

Multifrequency data is advantageous as it can resolve these different motional modes of a spin-

labeled protein. Thus, SRSL is ideal for modeling multifrequency data.(30, 32, 34-35)
1.2.3 Spin Label Dynamics at High Frequencies

Although the majority of analyses using CW-ESR to probe dynamics have been done at 9 GHz,
more work is being done at higher frequencies, such as 95 GHz. The advantage of performing
simulations at higher frequencies is that faster motions can be probed. In particular, the
anisotropic motions of the spin label can be resolved.(28-29, 36) More recently, multifrequency
analyses have been performed to further enhance the amount of information that can be
gained.(32, 35, 37-41) Multifrequency ESR is advantageous because motions at different
timescales can be investigated.(34)

At higher frequencies, the hyperfine splitting values will not change; however, the
magnetic field positions will shift. This can be understood using the following equation (29):

hv( 1 1
AB=—"| =—— = 1-5
:Be (gl ng ( )

where AB represents the magnetic field separation between ESR signals from two g-values (g:
and g2). This equation illustrates that as the magnetic field of the CW spectrum increases, the
splitting between the g-values increases as well. Thus, at 95 GHz, the anisotropy of the g-values
can be resolved as shown in the nitroxide powder spectrum in Figure 1-8A. As a comparison,

the nitroxide powder spectrum at 9 GHz is also shown (dashed).

17
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Figure 1-7. In the SRLS model, two additional rotational diffusion axes (R and R} ) are

defined to describe the motion of the ordering potential.
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Figure 1-8. A. At higher frequencies (95 GHz) the orientational g-values are resolved as
well as the hyperfine splitting. The 9 GHz nitroxide powder spectrum is also shown (dashed) for
comparison. B. Three spectra were simulated to illustrate the sensitivity of the higher
frequencies to the orientational motions of the spin label. The black spectrum represents an
isotropic rotational rate that is slow along all three magnetic axes. However, if the rate is fast
along just one of the axes, that orientation is more resolved in the spectrum. This is shown for
faster rotational rates around the x (blue), y (orange), and z (green) magnetic axes of the g-

tensor.
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In addition to enhanced orientational resolution, 95 GHz CW-ESR are more sensitive to
the anisotropic rotational diffusion about the magnetic axes of the spin label.(29) Such an effect
is illustrated in Figure 1-8B where the spectra are simulated for several rotational diffusion
conditions. The first spectrum (black) is simulated using slow rotational rates for all three
magnetic axes. However, if the rotational rates are anisotropic, different orientational
components of the spectrum will be resolved. For example, the blue spectrum in Figure 1-8B
was simulated using a rotation rate along the x magnetic axis that is 5 times faster than the rates
along the y and z axes. Therefore, because the rotational rate about the x-axis is fast, the y and z
features of the spectrum are averaged out, but the x component is not. Similar cases can be made
for fast rotational rates about the y and z axes as well.(29) This effect provides increased

sensitivity to the rotational dynamics of the spin label at high frequencies.

1.3 THE DIPOLAR INTERACTION AND DISTANCE MEASUREMENTS

Several ESR methods have been developed to extract the distance between two or more coupled
electron spins.(13, 42) The methods employed include continuous wave (43-46) as well as
pulsed experiments, such as the double electron-electron resonance (DEER) (5-6, 8, 47) or the
double quantum coherence (DQC) (48-51) experiments. Additionally, relaxation-based pulse
techniques, such as inversion and saturation recovery experiments, can be used to measure the
distance between a spin pair.(9-12) In each of these techniques the distance-dependent dipolar
interaction is measured between two spins. ESR distance measurements are advantageous
because they provide structural constraints for biological systems which may not be amenable to

other techniques such as NMR or X-ray crystallography.
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The dipolar interaction between two electron spins can be expressed by the following

Hamiltonian (13):

~ L (Sa-Sg)  3(Sa-Tag)(Sq - Tag)
Hdipolar:ﬁgAgBﬂe2 Arg B — A A$5 A8
AB AB

(1-11)

Here pois the permeability of a vacuum, h is the reduced Planck constant, ga and gg represent the
isotropic g-values of the A and B spins which are coupled, and Be is the Bohr magneton. Sa and
Sg are the electron spin angular momentum operators of the A and B spins, while F,gis the
interspin vector connecting them.  The full dipolar interaction can be expanded out to six terms
(23):

A=(3c0s? 0 -1)S,,Ss,

B =—%(3c052 6-1)(S,,Sg +S, Sg.)

C =_gsin ecos&_i¢(§A,z§B+ + SAA+SAB,2)

T (1-12)
D =—§sin 0cose (S ,,85 +S4 Ss,)

3 . A oA
E :—Zsmz G2s, Sg,
_ 329248 &
4

where 0 represents the orientation of the interspin vector with respect to the external magnetic
field and ¢ is the angle between the projection of the interspin vector on the x-y plane and the x-
axis. Taken together, these terms describe the full dipolar interaction; however, different terms
contribute to the measured dipolar signal depending on the experiment being performed.

The remainder of this section will focus on two pulsed distance measurement techniques

that have been used in the systems investigated in this thesis.
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1.3.1 Double Electron-Electron Resonance

The double electron-electron resonance (DEER) experiment is applicable to distances in the 15-
80 A range.(13, 52-53) Using DEER, distance measurements have been performed in soluble
(54-59) and membrane proteins (60-65) as well as peptides and peptide aggregates.(66-72) The
technique has also been extended to measuring distances in nucleotides, both DNA (73-74) and
RNA.(75-78)

In the DEER experiment the dipolar interaction between the two unpaired electron spins
is detected in the modulation of a spin echo at low temperatures. Term A from equation (1-12)
dominates the dipolar interaction detected by the DEER experiment. All other terms from
equation (1-12) are negligible. Thus, the dipolar Hamiltonian for the DEER experiment can be

written as:

_Ho
Arhr 3

|_l,\dipolar - gAg Bﬂe2§A,z§B,z (36052 0 _1) (1-13)

where 0 represents the orientation of the interspin vector with respect to the external magnetic
field. Due to the anisotropy of g and A as well as the flexibility of the spin label, all 6 angles are
typically excited.

In the DEER experiment, pulses are applied at two different frequencies to probe the
dipolar interaction between the coupled electron spins. A nitroxide echo-detected spectrum is
shown in Figure 1-9. Here the location of excitation and designation of the spins are illustrated.
The observer frequency is used to excite the A spins which are detected throughout the
experiment (blue). The pump frequency which is applied ~70 MHz away from the observer

spins is used to excite the B spins (red).

22



Pump
B-spins

Observer
A-spins

0.340 0.342 0.344 0.346 0.348 0.350
By (mT)

Figure 1-9. Echo-detected spectrum of a nitroxide spin label. The positions of the two

spin packets which are excited in the DEER experiment are highlighted.
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The pulse sequence for the 4-pulse DEER experiment is illustrated in Figure 1-10A.
Here it can be seen that one pulse sequence is applied at the observer frequency, affecting the A
spins, and one which affects the B (pump) spins. The spin diagram (Figure 1-10B) illustrates the
behavior of the A and B spins as the pulse sequence is carried out. At the end of the observer
sequence, a refocused echo is formed by the A spins. The time at which this echo occurs does
not change throughout the experiment. The pump pulse at time t, flips the B spins 180°. This
inverts the dipolar interaction between the A and B spins, changing the Larmor frequency of the
A spins. This change in the Larmor frequency causes the refocused echo to be off by a phase, ¢,
relative to the detector axis (y-axis Figure 1-10B). The phase at the end of the experiment can be

calculated as shown in Figure 1-10C, leading to the signal (79):
where t; is the time point at which the pump pulse is applied and wag is the angular frequency of

the dipolar interaction which can be defined as:

2
Opg :—”049’*2559 (3cos® 0 -1) (1-15)

As the pump pulse is stepped out (t, changes) the phase will change. This modulates the
refocused echo with a frequency that is proportional to the dipolar frequency of the coupled A
and B spins. For each orientation the contribution to the echo amplitude as a function of time
can be expressed as (79):

V(t,,0,r) =1- A5 (1-cos(wpgt,)) (1-16)
where Ag is the fraction of B spins that are excited by the pump pulse, i.e. the fraction of spins
that perturb the A spins. In a powder sample, all orientations are spanned. Therefore, averaged

over all orientations, the echo signal can be expressed as (79):
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Figure 1-10. A. The pulse sequence for the 4-pulse DEER experiment. As the
experiment is carried out, the pump pulse (m) is stepped out. B. The spin diagram for the
precession of the spin system throughout the DEER experiment. The change in the Larmor
frequency of the A spins is shown by different shades of blue. C. Using the spin diagram in B.
the phase at the end of the DEER experiment can be determined by calculating the phases of the
spin system throughout the DEER sequence, the final phase at the end of the experiment is also

illustrated.
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Until now, the DEER signal has been expressed in terms of a single distance, r.
However, in reality, a distribution of distances, P(r), is measured by the DEER experiment.

Thus, the DEER signal can be expressed as:

V(t,)= [ PV (t,, 1)drag (1-18)

AB,min
Equation (1-18) is a Fredholm equation of the first kind where V(ty,r) is the kernel and P(r) is the
unknown function to be solved for.(80) Tikhonov regularization is used to effectively solve for
P(r) from the time domain data. This is done by minimizing a function that describes the
smoothness and mean square deviation of the fit to the time domain signal. Using an L-curve
criterion, the optimal smoothness and mean square deviation for a successful fit to the data can
be achieved.

In addition to the Tikhonov regularization technique, the time domain signal can be fit
using a simple model such as a Gaussian distribution. In this case the model is simply fit to the
data using the average distance, r, and standard deviation, o(r). In the case of a bimodal
distribution the data can be fit using two average distances, r; and ry, and two standard
deviations, o(r1) and o(r), as well as a population parameter, p;.(80)

Ideally the DEER experiment is used to probe the distance between two coupled spins
within a molecule, or the intramolecular distance. However, DEER is not a single molecule
experiment, therefore the surrounding molecules create a range of spins which are coupled and

thus contribute to what is known as the intermolecular signal. This is illustrated in Figure 1-11
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Figure 1-11. The dipolar coupling of interest is manifested in the intramolecular
interactions, i.e. interactions between an A and a B spin present in the same molecule (green).
All other interactions between A and B spins in different molecules are considered
intermolecular interactions. Spins which are not A or B spins are designated with an X to

illustrate that other spin packets are still present in the nitroxide spectrum.
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where a distribution of molecules are represented as circles, each with two spin-labeled sites.
Each spin-labeled site is designated with a letter which represents a spin packet (a group of spins
with the same resonance frequency) in the nitroxide spectrum. A and B represent the spin
packets which are excited by the ma and g frequencies of the DEER experiment, respectively.
All the other spin packets which make up the nitroxide spectrum, but are not excited in the
DEER experiment, are designated with an X. The intramolecular interaction exists only in the
molecules which possess an A and a B spin within one molecule (green, with a dipolar
interaction indicated by a solid orange line). All the other dipolar interactions between the A and
B spins contribute to the intermolecular interaction (white, with a dipolar interaction indicated by
a dashed line). Thus, the time domain signal for the DEER experiment is a product of the intra
and intermolecular interactions (53):
V(1) =Vinra (Vineer (1) (1-19)
Due to the large range of distances that make up the intermolecular signal, Vine(t) is an
exponential decay that depends on the spin concentration (C) as well as fraction of B spins
excited by the pump pulse (Ag). It can be represented by the following equation (47):
Vinger (t) = exp(—kCAgt) (1-20)

in which:

k:% 9aYsfs

93 n

(1-21)

The Vinra(t) signal, is represented by equation (1-17). To obtain just the Vinga(t) signal, the raw
DEER data is fit to a background decay [i.e. Viner(t)] which is subsequently divided out. This

process is illustrated in Figure 1-12 where Viner(t) is represented by a red line.
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Figure 1-12. DEER time domain signals for the A. raw and B. background subtracted

data. Viner(t) is represented by the red line.(54)
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1.3.2 Saturation Recovery

In addition to the DEER experiment, relaxation mechanisms can be exploited to measure the
dipolar interaction, and hence distance, between a paramagnetic metal and spin label. In these
experiments, the relaxation rate of the slower relaxing spin (spin label) is enhanced by the faster
relaxing spin (metal) to which it is coupled. Relaxation-based experiments, such as saturation
recovery can be used for measuring distances in the 15-40 A distance range.(13) Like the DEER
experiment, saturation recovery is echo-based and performed at low temperatures. In the past
several years, saturation recovery experiments have been primarily used to measure distances in
Fe-containing systems.(81-85)

The average distance, r, between a fast and slowly-relaxing spin can be determined using

the Bloembergen theory as modified by Kulikov and Likhtenshtein (9-13):

S(S+1 !
i:io+ ( 2gggfﬂe FB+3C+§E}
T T2 n2r

T
- 2l (3cos? 9-1)?
1+ (0 — ¢ ) T35

(1-18)
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where r is the average metal-nitroxide interspin distance, and f and s represent the metal and
nitroxide electron spins, respectively. Tisand Ta represent the nitroxide longitudinal relaxation
in the presence and absence of the metal, respectively. The parameters Ty and Ty are the
longitudinal and transverse relaxation rates of the metal electron spin. gf and gs represent the

metal and nitroxide electron spin isotropic g-values. The resonant frequencies for the metal and
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nitroxide are represented by of and ws. Finally, B is the Bohr magneton, h is the reduced Planck
constant and 6 is the angle between the interspin vector and the external magnetic field. The B,
C, and E equations are related to the B, C, and E terms in the full dipolar equation.(13) Using
this equation, the average distance between the two spins can be determined. However, as can
be seen in equation (1-18), the average distance goes as r°.  Therefore, the distance
measurements performed using the relaxation theory may be biased to shorter distances.

The pulse sequence for the saturation recovery experiment is shown in Figure 1-13A.
Here a picket-fence sequence is used where a series of /2 pulses are applied to saturate the spin
system. After saturation, an echo-detection pulse sequence is applied (w/2-12-m-12). As this
detection sequence is stepped out over the time of the experiment, the echo amplitude will
increase at a rate which is proportional to the T; or longitudinal relaxation of the spin. An
example of such a recovery curve is shown in Figure 1-13B. Fitting of this curve to a single or
biexponential function provides the relevant T; values.

Using the saturation recovery experiment and equation (1-18), the average metal-
nitroxide distance is determined. This is done by measuring the Ty and T values of the metal
as well as the T of the nitroxide in the presence (T1s) and absence (Tis") of the metal. As in the
DEER experiment, the signal is averaged over all orientations of 6 due to the distribution of the

spin label.

31



meg oMl

T4 T T2 T2

| (t2)

oIV

T2

Figure 1-13. Saturation recovery A. pulse sequence and B. signal.
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20 SIMULATING THE DYNAMICS AND ORIENTATIONS OF SPIN-LABELED

SIDE CHAINS IN A PROTEIN-DNA COMPLEX

21  ABSTRACT

Site-directed spin labeling, wherein a nitroxide side chain is introduced into a protein at a
selected mutant site, is increasingly employed to investigate biological systems by electron spin
resonance (ESR) spectroscopy. An understanding of the packing and dynamics of the spin label
is needed to extract the biologically relevant information about the macromolecule from ESR
measurements. In this work, molecular dynamics (MD) simulations were performed on the spin-
labeled restriction endonuclease, EcoRI in complex with DNA. Mutants of this homodimeric
enzyme were previously constructed and distance measurements were performed using the
double electron-electron resonance experiment. These correlated distance constraints have been
leveraged with MD simulations to learn about side chain packing and preferred conformers of
the spin label on sites in an a-helix and a B-strand. We found three dihedral angles of the spin
label side chain to be most sensitive to the secondary structure where the spin label was located.
Conformers sampled by the spin label differed between secondary structures as well. C,-C,
distance distributions were constructed and used to extract details about the protein backbone

mobility at the two spin-labeled sites. These simulation studies enhance our understanding of the
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behavior of spin labels in proteins and thus expand the ability of ESR spectroscopy to contribute

to knowledge of protein structure and dynamics.

2.2 INTRODUCTION

Site-directed spin labeling (SDSL) for electron spin resonance (ESR) spectroscopy has now
become a widely utilized method to obtain structural constraints, probe conformational changes,
and monitor protein-protein and protein-ligand interactions.(1, 4) In such experiments the
presence of the spin label contributes substantially to the experimental observables. The inherent
mobility of the spin label side chain contributes to the dynamics measured in the continuous
wave (CW) spectral line shape. Furthermore, the length of the spin label adds to the distance
constraints that are measured most commonly using the pulsed double electron-electron
resonance (DEER) experiment.(5, 86) Ultimately, the position and mobility of the backbone are
sought when performing ESR distance and dynamics measurements on biological systems or
nanostructures. For this reason, work has progressed towards deconvoluting the backbone and
spin label effects on such measurements through experiment and simulation.

The DEER experiment has been utilized to probe the flexibility and orientations of
terminally spin-labeled oligomers [bis-peptides or oligo(para-phenyleneethynylene)s] by analysis
of orientational effects (87) and distance distribution functions.(67) Molecular models have also
been developed to more accurately extract backbone details of these oligomers.(66, 68-69) In
these models, parameters describing the orientation and flexibility of each segment with respect
to subsequent segments of the oligomer were optimized such that the simulated distance

distributions agreed with experiment. From these studies, end-to-end distance distributions from
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the oligomer backbone could be extracted, providing insight into the shape and flexibilities of
these structures.

To resolve the backbone details for larger systems, such as peptides and proteins, a
systematic understanding of the spin label conformation and packing as well as dynamics is
needed. The behavior of the spin label has been probed in various systems by a number of
methods, including X-ray crystallography (88-95), ab initio calculation (96-98), rotamer libraries
(63, 99-100) as well as molecular dynamics (MD) (101-108) and Monte Carlo simulations.(109-
112) Using X-ray crystallography, Hubbell and coworkers determined preferred conformations
of the spin label side chain at solvent accessible helical and loop sites in T4 lysozyme.(89-90, 92)
The spin label conformation can be defined by five dihedral angles (y1-xs) along the length of the
spin label side chain. These angles are represented on the spin label in Figure 2-1. These
analyses suggest that for solvent-accessible, non-interacting spin-labeled sites, the internal
motion of the spin label results primarily from the rotations about the terminal dihedral angles (ya
and ys), known as the ya/xs model. At such sites, local interactions with the backbone atoms and
disulfide group of the spin label restrained the side chain such that the [x1, x2] and occasionally
the disulfide bond conformations (3) could be resolved. On the other hand, the nitroxide ring
was rarely resolved indicating that the ys and ys angles were highly unconstrained. These
structures, taken together with CW-ESR data (21, 25), led to the formulation of the ya/xs model.
At sites where the spin label is involved in interactions with neighboring groups, fully resolved
crystal structures of the entire nitroxide side chain were possible.(88, 91, 94)

Freed and coworkers (96) used the Hartree-Fock theory to calculate torsional profiles of

the five defining dihedral angles of the spin label using fragments of the spin label side chain.
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Figure 2-1. Methanethiosulfonate (MTS) spin label structure with the five defining

dihedral angles, y1-s.
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Using the minima values from the torsional profiles, as well as steric constraints, 18 possible
conformers of the spin label on a polyalanine a-helix were identified. Along these same lines,
Hubbell and coworkers (97) recently utilized density functional theory (DFT) to calculate the
lowest energy conformations (y1-y3) Of the spin label on a peptide fragment. The conformers
were then modeled on a polyglycine to identify the interactions that stabilize the conformers in a
helical environment. This work differed from that of Freed and coworkers due to the inclusion
of backbone atoms in the calculations. This enabled the observation of interactions between the
Ss of the spin label and backbone atoms of the peptide fragment.

Alternatively, several groups have utilized MD simulations to model spin-labeled
systems comparing the simulated results to experimental CW (101-105) or DEER (106-108)
results. One of the largest challenges in performing MD simulations to model the side chain
conformation and dynamics is sufficient sampling. Different techniques have been employed to
overcome this problem such as performing the simulations at high temperatures (102, 107) or in
implicit solvent.(109) Such conditions, however, can be misrepresentative of the experimental
conditions to which the simulations are compared. It has been shown by others that in order to
effectively model the spin label, simulations must be performed for long timescales.(98, 105-
106) For example, Roux and coworkers parameterized the MTS spin label and performed long
MD simulations (101 ns) using 18 different starting orientations of the spin label on a
polyalanine a-helix.(98)

As another means to ensure sufficient sampling of the spin label conformer space, Fajer
and coworkers developed a Monte Carlo rotamer search technique.(110-111) The rotamer
search used the Metropolis criterion to identify the lowest energy conformers at the spin-labeled

site.(113)  Subsequent MD simulations, using the lowest energy conformers as starting
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orientations of the spin label, enabled sampling of rotamer minima in the potential energy
landscape of the spin-labeled system.(105) This technique was subsequently expanded using a
simulated scaling approach to enhance the conformational sampling of the spin label during the
MD production run.(114) In this method the molecular dynamics trajectory is coupled to a
potential scaling parameter. A walk through the potential scaling parameter space weights the
potential energy surface of the spin-labeled region. In this way the potential energy barriers of
different spin-labeled conformations could be crossed, enhancing the spin label sampling during
the MD simulation.(111)

Significant insight has been gained on the preferred conformations and dynamics of the
spin label from these studies. However, the majority of the in-depth analysis has been performed
on spin-labeled a-helical structures. There exists less information on the behavior of the spin
label on other secondary structures such as a B-strand or loop region. Using the cellular retinol-
binding protein (CRBP), Hubbell and coworkers performed a thorough analysis of the spin label
present on B-strands.(31) The dynamics of the spin label on interior and edge strands were
investigated using CW-ESR. Allowed conformations of the spin label were derived from
spectral analysis and a manual variation of the spin label side chain, which was built into the
crystal structure of CRBP at the various spin-labeled sites. In addition, a recent crystal structure
of the spin-labeled B-barrel membrane protein, BtuB, was published by Freed et al. which
resolved the orientation of spin labels present on [3-strands of the barrel in or adjacent to the lipid
bilayer.(95) Furthermore, MD simulations of the spin label on B-strands have been used in
conjunction with distance constraints to model protein structures through simulated annealing

routines.(59, 115-116) However, a detailed analysis of the preferred spin label conformers was
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not provided. Although these works provide initial insight, more analyses are required to further
our understanding of the behavior of the spin label on p-strands.

Adding to the current understanding of the spin label conformers and dynamics may lead
to general rules of packing that may enhance the ability to extract information about protein
structure and function from ESR measurements. We can augment this knowledge by performing
simulations on a spin-labeled protein that has been investigated experimentally. Accordingly,
MD simulations were performed, and compared to experiment, to model the nitroxide spin label
located on three different secondary structures of the spin-labeled EcoRI-DNA complex: 131
(loop), 180 (B-strand) and 249 (a-helix).

EcoRl is a 62 kDa homodimer restriction endonuclease that binds to and cleaves a
specific six base pair sequence GAATTC in DNA. The crystal structure of the specific complex
of EcoRlI has been determined and many thermodynamic and kinetic studies have been done to
understand the extreme binding specificity of this enzyme. For instance, EcoRI binds with an
affinity of up to 96,000-fold greater to its specific sequence than to a sequence that differs by one
base pair.(117-118) The structure of EcoRI consists of a large, stable main domain and two arms
(inner and outer) that enfold the DNA.(119-120) These arms are highlighted in Figure 2-2 in
blue (inner) and red (outer), the main domain and DNA are silver. This arm region is believed to
play a role in the binding specificity of EcoRI due to key contacts made between the arms and
the DNA backbone.(118, 121) To shed light on this region, structural constraints were obtained
by performing several distance measurements using the DEER experiment on the specific
EcoRI-DNA complex.(54) In this work we have leveraged these correlated distance constraints
with MD simulations to learn about side chain packing and dynamics of the spin label as well as

backbone details at three different spin-labeled sites in the EcoRI-DNA complex.
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Figure 2-2. Crystal structure of the specific ECoRI-DNA complex (PDB 1CKQ) (120)

with residues 131, 180 and 249 represented by green spheres. The distances measured
experimentally are also shown by the arrowed brackets: 131-131, 180-180, 180-249 (54), and

from this work 249-249.
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2.3 METHODS

2.3.1 DEER Experiments

Distance measurements were previously published on the methanethiosulfonate spin-labeled
(MTSSL) R131C (single), S180C (single) and S180C-K249C (double) mutant proteins in
specific ECORI-DNA complexes.(54) In the current study, the DEER experiment was performed
on the MTSSL-K249C mutant protein using a Bruker EleXsys CW/FT X-band ESR
spectrometer with the Bruker X-band ER-MD5 resonator. The MTSSL-K249C sample was
prepared in 30% deuterated glycerol, 65% deuterated water, and 5% protonated water resulting
in a final protein concentration of 180 uM. Appropriate salt concentrations (0.22 M) and pH as
well as a 4:1 DNA:protein ratio was used to ensure that at least 99% of the sample existed as the
protein-DNA complex.(54) The sample was flash frozen by plunging the capillary into liquid
nitrogen cooled propane. The DEER experiment was performed at 40 K using an Oxford ITC
503 temperature controller and CF935 dynamic continuous flow cryostat. DEER experiments
were performed using the four-pulse sequence: (7/2)y1-T1-(7)v1-T-(7)v2-T2-(T)u1-T2. The observer
(1/2)v1 and (7)., pulses were 16 and 32 ns respectively, and the pump (7)., pulse was 32 ns. The
pump pulse was located at the maximum of the nitroxide spectrum with the observer pulse
applied at a frequency ~70 MHz higher. Deuteration of the solvent and glycerol resulted in a
phase memory time of 2.5-3 s, enabling the measurement of the long distance expected for the
K249C mutant (C,-C, = 5.7 nm). A step size of 10 ns was used and the integrated echo intensity
was collected for 512 points. A two-step phase cycling (+X, -x) was carried out on the first 7/2
pulse. The pump pulse began 200 ns before the echo so that the zero time could accurately be
determined. The data acquisition time was 75 hours.
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2.3.2 MD Simulations

Sites 131, 180 and 249 on the crystal structure of the specific EcoRI-DNA complex (119-120)
were mutated to nitroxide spin-labeled cysteines using the VMD program.(122) A Metropolis
Monte Carlo minimization (MMCM) rotamer search was then performed in CHARMM (123)
using the rotamer search program developed by Fajer et al.(110) Parameters describing the spin
label force field were taken from the work of Sezer et al.(98) The CHARMMZ27 force field was
used for the protein and DNA.(124) To ensure the full rotamer space of the spin label was
accessed during the rotamer search, ten rotamer searches were performed starting with different
initial orientations of the spin label. Each rotamer search was performed until ~1000-1500
conformers had been generated at each spin-labeled site. Ten of the lowest energy conformers
were selected for each of the sites separately. Using these conformers, ten singly (131) and ten
doubly labeled (180 and 249) specific EcoRI-DNA complexes were constructed for MD
simulation.

All structures were solvated in an explicit water box and counter ions were added to
neutralize the system and provide a salt concentration comparable to experiment ([NaCl] = 0.22
M). All MD simulations were performed using the NAMD program.(125) The structures were
energy minimized using a conjugate gradient method. After heating the system to 300 K, the
system was equilibrated for 1 ns in an NPT ensemble of 1 atm using a Langevin piston. During
both the minimization and equilibration steps the protein backbone and DNA were restrained as
well as the spin labels. Production runs were performed in an NVT ensemble for 30 ns using a 2
fs time step. Periodic boundary conditions were used and particle mesh Ewald summation was

used to treat the electrostatic interactions. To ensure reliability in the simulated results, the last
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20 ns of the simulation, where the protein backbone had fully equilibrated, were used for

analysis. Visualizations were done using VMD.(122)

2.4  RESULTS AND DISCUSSION

2.4.1 EcoRI DEER Measurements

Distance measurements were previously published on the specific ECORI-DNA complex to better
understand the orientation and behavior of the arm region of this DNA-binding protein.(54) The
EcoRI mutant proteins were generated as described previously (126) and spin-labeled at sites
131 (loop, inner arm), 180 (B-strand, outer arm) and 249 (a-helix, main domain). Due to the
homodimeric nature of EcoRl, spin labeling of the protein with a single cysteine mutation results
in two spin-labeled sites in the DNA-bound complex. The intermonomer (131-131, 180-180,
and 249-249) and intramonomer (180-249) distances that were measured are overlaid on the
crystal structure Figure 2-2 (green brackets). The distance measurements in the inner (131-131)
and outer arms (180-180) were performed to observe changes in the arm region upon binding to
different sequences of DNA. The outer arm to main domain intramonomer (180-249) distance
measurement provides yet another point-to-point distance to better triangulate the location of the
outer arm upon binding different sequences of DNA. In principle, multiple distances
corresponding to the 180-180, 249-249, and 180-249 intermonomer distances could also be
detected in the 180-249 double mutant. However, the C,-C, distances for these intermonomer
constraints are on the order of 6.0 nm and a time domain of only 1.5 us was collected, thus such

long distances were not detected. The 180-180 and 180-249 distance measurements were
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performed and published previously by Stone et al.(54) These distance constraints are
augmented by the 249-249 intermonomer distance measured in this work. Site 249 resides in the
main domain of EcoRI and has restricted motion. Thus the intersubunit distance between sites
249 was determined to serve as a reference for comparison to the distance information obtained
for the arm region.

Both the 180-180 and 249-249 distance measurements were close to the upper limit of
distances measurable by the DEER technique (C,-C, = 5.6 and 5.7 nm, respectively). Due to the
low modulation frequency for such long distances, there is an inherent uncertainty in the
background subtraction and subsequent fitting of the DEER data needed to extract distance
distributions from the time domain data. Using the DeerAnalysis2009 (127) program, the
previous fit to the 180-180 experimental data was refined. Both sets of data were fit using
Gaussian distributions. The raw data and background fit for the 249-249 data is shown in Figure
2-3. The background correction was performed using the homogeneous background correction
model. The background subtracted DEER time domain signal and corresponding distance
distribution are shown in Figure 2-4. Unexpectedly, a bimodal distribution was observed for this
distance measurement. A good L-curve could not be obtained using the Tikhonov regularization
to fit the data, possibly due to the presence of the two long distances. A fit to two Gaussians was
used instead to fit the time domain data and simulate the associated distance distribution. In this
case successful fits to the time domain data could be achieved using an average distance of 7.1
and standard deviation of 0.14 nm.

Based on the C,-C, distance from the crystal structure of the specific EcoRI-DNA
complex (5.7 nm), the longer distance acquired (7.1 nm) is reasonable taking into account the

added length of the spin label. However, a shorter distance (5.1 nm), comprising ~40% of the
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Figure 2-3. Raw 249-249 DEER data with background subtraction from
DeerAnalysis2009 homogeneous background fitting. The green line indicates the zero time, the
blue line indicates the starting time for the background fitting, and the red line is the background

fit.
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Figure 2-4. A. The background subtracted time domain signal for the 249-249
intermonomer distance measurement performed using the DEER experiment. B. The
experimental distance distribution extracted from the time domain signal using

DeerAnalysis2009.(127) The data was fit using two Gaussians.
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distance distribution, was also observed. One reason for this bimodality could arise from
different conformers sampled by the spin label resulting in two observed distances. Such an
orientation of the spin label would be unlikely, however, as it would have to protrude into the
protein to achieve such a distance. Additionally, two spin label conformers would likely result in
a trimodal distribution due to the combination of the spin label conformations and the distances
between them.

A second possibility is that oligomerization of the EcoRI complex occurs in solution,
such that a second, shorter inter-complex distance of 5.1 nm would be detected in our
experiments. Oligomerization of EcoRlI into a trimer of dimers has been observed in the crystal
structure of the complex. If such an oligomerization occurred in solution, it could position the
249 sites in close proximity such that a second, shorter, intercomplex distance may be measured
by experiment. Using the EcoRI crystal structure this trimer of dimers formation was modeled in
Pymol. Six spin-labeled models of the trimer of dimers were constructed in VMD (122) using
the six most populated conformers at site 249 from runs i and ii. Starting from the original
crystal structure the nitroxide-nitroxide distance between the dimers was 2.3-3.5 nm, with an
average from all six models of 2.8 nm (Figure 2-5, top). In solution, however, the orientation of
the trimer of dimers would be more flexible, and the complex is likely to be less compact than in
the crystal. By simply rotating the complexes by 20-30°, with respect to each other, the average
intercomplex distance is 4.4-6.1 nm, depending on the spin label rotamer used (Figure 2-5,
bottom). Thus, it is possible that if the trimer of dimers formed in solution, a slight change in the
orientation of the complexes could result in a broad 5.1 nm distance as seen in the 249-249
DEER results. However, we do not know if oligomerization occurs in solution under these

conditions, and we are currently testing this possibility experimentally.
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Figure 2-5. Models of the trimer of dimers formed by the EcoRI complexes (PDB
1CKQ).(120) Each of the complexes are highlighted in different colors with the DNA
represented in silver. The spin labels at sites 249 are displayed in a VDW representation. The
original crystal structure model (top) clearly shows the inter-dimer contacts that form the trimer
of dimers. Rotation (bottom) of the complexes results in a larger intercomplex distance as can be

seen in the white triangle highlighting the spin label — spin label distances.
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The possibility of oligomerization occurring in solution is further supported by the fact
that the 249-249 DEER signal possesses a larger modulation depth than expected (based on the
theoretical modulation depth (5) and previous calibration experiments on a bilabeled peptide).
This signifies a larger number of coupled spins than expected from just two spin-labeled 249
sites in the EcoRI-complex, suggesting that higher order oligomers may have formed in this
sample. Indeed, the modulation depth (A) for the 249-249 results (A = 0.41) is greater than that
of the 180-180 results (A = 0.68), even though the experiments were performed under similar
conditions. Ultimately, the 7.1 nm distance was primarily considered when comparing the

simulated and experimental distance distributions.

2.4.2 MD Simulated Distance Distributions

Although the DEER data provides structural constraints in the distances between the spin labels,
the backbone C,-C, distances and distributions are more biologically relevant to understanding
the backbone structure and dynamics of EcoRI. To this end, MD simulations were performed on
the specific EcCORI-DNA complex to model the spin-labeled sites which were investigated
experimentally: 131 (loop), 180 (B-strand), and 249 (a-helix). Ten independent runs with
different starting spin label conformations were performed to effectively sample the spin label
rotamer space and test for convergence of the individual structures to a common preferred
conformer or conformers. To identify the relevant simulated data, distance distributions between
the nitrogen atoms of the spin label were constructed from the MD trajectories and compared to

those obtained from the DEER experiment. By using experimental results to validate the
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simulations, they were not biased by experimental restraints which can perturb the simulated
results.(128)

Distance distributions were constructed, from all 10 parallel runs, for each of the
experimentally measured distances: 131-131 intermonomer, 180-180 intermonomer, 180-249
intramonomer, and 249-249 intermonomer, resulting in a total of 50 simulated distance
distributions (two 180-249 intramonomer distances extracted from simulated results). MD runs,
for which the simulated results reproduced those of the experiment, were used to draw
conclusions about the backbone details of the specific ECORI-DNA complex. Two criteria were
used to compare the simulated and experimental results. First, agreement on the average
distance and standard deviation of the experimental and simulated distance distributions was
assessed. In the case of the 180-249 double mutant, agreement of all four distance distributions
(180-180, 249-249, and both 180-249) with experiment was assessed simultaneously. The 180-
249 intramonomer distance measurement was essential as it provides a correlation between the
180-180 and 249-249 experimental results. Because of this, the conformation of the spin label
must be such that not only are the 180-180 and 249-249 distance distributions in agreement with
experiment, but also the 180-249 in both monomers. Secondly, the local backbone root mean
square deviations (RMSD) of the spin-labeled sites and ~30 surrounding residues were
considered. The RMSD measures the magnitude of variation in the position of the backbone
atoms from a reference point, in this case the backbone atom positions at the beginning of the 30
ns production run. Using this RMSD, the initial drift and eventual equilibration of the atom
positions can be observed. Simulated results with RMSDs that are either high or continually

increase throughout the simulation may depict artificial behavior of the system due to a lack of
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equilibration or convergence near the spin-labeled site. Thus, only simulated results from stable,
equilibrated runs were considered.

Although the simulated 131-131 distances were similar to experiment, the distributions
were considerably broader. Therefore, although runs i-vi (Figure 2-6) possessed stable RMSD
trajectories, they were still considered to be poor fits to the experimental 131 results. The
remaining simulations (runs vii-x, Figure 2-7) possessed unstable RMSD trajectories, indicating
a lack of system equilibration. Consequently, none of the simulations performed at the loop site
131 were used to extract backbone or conformer details. A possible reason for the discrepancy is
that the dynamics of the loop region may be overestimated in the MD simulations, leading to a
higher flexibility than is experimentally observed.

Of the 10 parallel simulations performed on the doubly labeled (180 and 249) system,
two runs had excellent agreement with experiment (runs i and ii). In these runs, all four
constraints (180-180, 249-249, and both 180-249) agreed with the respective experimental
distance distributions and possessed stable local backbone RMSDs. The resultant distance
distributions of these runs are presented in Figure 2-8 where the experimental distributions are
shown in black and the simulated in red. In the case of the 180-249 intramonomer distance
distributions two simulated results were measured, one within each monomer of the EcoRI-DNA
complex. These are shown individually as solid or dashed red lines. The local backbone RMSD
trajectories are also shown in gray for sites 180 and 249, respectively.

Two of the remaining 8 runs possessed unstable RMSDs even after 30 ns of simulation
(runs iii and iv, Figure 2-9). Of the remaining 6 runs (runs v-x, Figure 2-10), the RMSDs were
stable, however, only two or three of the simulated distributions agreed with experiment. Run v

shows this partial agreement between the simulated and experimental results. In this run the
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Figure 2-6. Comparison of the 131-131 experimental (54) (black) and simulated (red)
distance distributions for runs i-vi which were found to possess stable RMSD trajectories. The

local backbone RMSD trajectories are shown (gray).
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Figure 2-7. Comparison of the 131-131 experimental (54) (black) and simulated (red)
distance distributions for runs vii-x which were found to possess high and unstable local

backbone RMSDs as shown in gray.
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Figure 2-8. Comparison of the 180-180, 249-249, and 180-249 experimental (54) (black)
and simulated (red) distance distributions for runs i and ii which were found to agree with all
three experimental distance constraints. The local backbone RMSD trajectories are shown for
both spin-labeled sites 180 and 249 (gray). The simulated 180-249 distances within the two

monomers of EcoRI are shown as solid and dashed lines.
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Figure 2-9. Comparison of the 180-180, 249-249, and 180-249 experimental (54)
(black) and simulated (red) distance distributions for runs iii and iv which were found to possess
high and unstable local backbone RMSDs as shown in gray for both spin-labeled sites 180 and

249.
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Figure 2-10. Comparison of the 180-180, 249-249, and 180-249 experimental (54)
(black) and simulated (red) distance distributions for runs v-x which were found to not agree
with at least one of the experimental distance distributions. The local backbone RMSD

trajectories, which were stable in these runs, are shown for both spin-labeled sites 180 and 249 in

gray.



180-180 and both of the 180-249 simulated distance distributions are found to compare well with
that of the experimental distribution. The 249-249 distribution however does not, due to a
bimodal distribution (within the 7.1 nm experimental distance measurement) and an average
distance larger than experiment. Using such stringent criteria to identify the relevant simulation
results increases the confidence in the data extracted from the simulations. It should be noted
that in all 10 of the simulated 249-249 distance distributions, a distance corresponding to the
shorter (5.1 nm) experimental distance was never observed. This supports the suggestion that a
second conformation of the spin label is not the cause of the second, shorter experimental
distance observed in the 249-249 DEER results.

MD runs that agreed with experimental data were used to extract backbone C,-C,
distance distributions. Figure 2-11 shows simulated C,-C,, distance distributions (blue) overlaid
on the validated nitroxide-nitroxide (red) distributions. The gray dashed vertical line indicates
the C,-C,, distance obtained from the crystal structure of the specific ECORI-DNA complex. The
mean C,-C, 180-180, 180-249, and 249-249 distances from simulation were only 0.1-0.2 nm
longer than that of the crystal structure. This small discrepancy may be attributed to the tighter
packed structure of EcoRlI in the crystalline state versus solution where the protein is more
flexible and on average experiences larger C,-C, distances.

The standard deviations of the C,-C, distance distributions provided insight into the
backbone mobility at the two spin-labeled sites. The standard deviations of the 180-180 C,-C,
distance distributions were merely 0.02 nm larger than those of the 249-249 results, indicating
that the backbone at site 180 (B-strand) is slightly more mobile than at site 249 (a-helix). This
similarity may be due to both spin-labeled sites being located on stable secondary structural

motifs, 180 on a B-strand and 249 on an a-helix. The slight increase in the backbone mobility at
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Figure 2-11. C,-C, distance distributions (blue) were extracted from the validated
simulation results (red). The mean distances were compared to the C,-C, distance found in the
crystal structure of the specific EcCoRI-DNA complex (gray dashed line). The values from the
crystal structure distances are listed above. The mean simulated C,-C, distance and standard

deviation is listed by each distance distribution. The values in parentheses for the 180-249

distributions are those measured in the second monomer of EcoRl.
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site 180 may arise from the B-strand being located on the outer arm of EcoRI. Indeed the RMSD
values found at site 180 are slightly higher than those at site 249, contributing to the proposal
that the arm region of EcoRlI is slightly more mobile than the main domain. These results agree
with the proposed order and rigidity of the main domain compared to the arm region in the
crystal structure of the EcoRI apoenzyme.(129) CW experiments have been performed and
analyses of this data are currently underway to further investigate the dynamics of these different
spin-labeled sites in the EcoRI-DNA complex in solution.

Although there are clear differences in the nitroxide-nitroxide distributions between MD
runs that agree with experiment and those that do not, the C,-C,, distributions were fairly similar
for all runs. The only exception to this occurred in runs that possessed an unstable RMSD and
were found to have C,-C, distributions with larger standard deviations. This shows that MD
simulations can distinguish spin label conformations even in the context of relatively invariant
backbone distributions. Thus, favored spin label conformations can be extracted by comparing
MD simulations with experimental data that provide multiple constraints.

Simulations were also carried out using the rotamer library approach implemented in the
multiscale modeling of macromolecules (MMM) open-source package.(99, 130) Spin label
scans were performed at sites 180 and 249 in the specific ECORI-DNA complex. Although the
program successfully replicated the 180-180 experimental distance distribution neither the 180-
249 or 249-249 distributions agreed with experiment. The distance distributions comparing the
experimental data and the distributions obtained from the rotamer library are shown in Figure 2-
12. It can be seen in these fits that the 180-180 distribution agrees well with respect to the
average distance as well as the standard deviation. However, the 249-249 distribution from the

rotamer library possessed a lower average distance and a slightly broader distribution compared
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Figure 2-12. Distance distributions comparing the EcoRI 180-180, 249-249, and 180-

249 DEER data (black) and the distributions constructed from the rotamer library approach (red).
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to experiment. The most significant difference arises from that of the 180-249 distribution in
which the rotamer library predicted an average distance 0.6 nm lower than the experimental
distribution. This indicates that although the 180-180 simulation agreed with experiment,

appropriate rotamers may not have been modeled which also agree with the 180-249 distribution.

2.4.3 Spin Label Dynamics and Conformers

In this work the MD results provided insight into the dynamics and conformers of the spin label
located at sites in different secondary structures: 131 (loop), 180 (B-strand) and 249 (a-helix).
Spin label dynamics and conformations were analyzed using those simulations that were
determined to be consistent with the experimental distance distributions.

Polar plots, such as those used in previous works (102-103, 105), were constructed for
each of the five dihedral angles that define the spin label side chain conformation (y1-ys). These
plots are shown in Figure 2-13 for both sites 180 and 249. Each plot for a given dihedral angle
displays the values sampled by that angle for both of the validated MD runs combined (runs i
and ii). The radial distance from the center reflects the occupancy of that dihedral angle value
throughout the portion of the simulation used for analysis (last 20 ns). In addition, the
distribution about a value provides insight into the flexibility of that dihedral angle.

It can be seen from these polar plots that the dihedral angles sampled by sites 180 and
249 are similar to those found in the torsional potential energy surfaces constructed by
Tombolato et al.(96) One exception to this is the value of y4 at site 180, where it samples a
dihedral value of +110° in addition to the expected +75°. One can observe differences in the
population of the dihedral angles sampled as well as the distribution about these angles between
sites 180 and 249. The biggest difference arises between dihedral angles y1, x2, and xa. A
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Figure 2-13. Polar plots illustrating the dihedral angle values sampled by the spin label
at sites 180 and 249 for the simulations which agreed with experiment. The results of the two
runs are combined in each of the plots for each site. The plots have been normalized with

respect to the dihedral angle occupancy.
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significant example is seen in the y; occupancy of the +65° conformation. At site 180, which
resides on an edge B-strand, this y; conformation is significantly sampled. However at the o-
helical site 249, this y; conformation is infrequent. Similar trends are seen in values occupied by
the 2 and 4 dihedral angles. Both the £90° values of y3 are accessed at each site and ys is equally
flexible and samples a variety of values at both sites.

Similar polar plots were constructed for the 180-249 simulated results which did not
agree with experiment (Figure 2-14). These plots show a different pattern in the dihedral angles
that were sampled and their occupancy compared to the runs which were able to replicate the
experimental distance distributions. The most significant difference at site 180 is the decrease in
the y1 = +65° conformer and an increase in y» = x4 = 180°. The spin label conformation is
extended when y2 = y4, leading to an increase in the average nitroxide-nitroxide distance. This is
true for any y; or 3 orientation. Thus, conformations of the spin label at site 180 where y2 = ya
are more likely to not agree with experiment due to a larger average distance. At site 249 the
polar plots which did not agree with experiment show a significant increase of x2 = x4 = 180° as
well as ys = +75°. Similar to site 180, an increase in 2 = 4 conformers at site 249 could lead to
average nitroxide-nitroxide distances larger than experiment. There are also changes in the y3
profile for both sites, however, the occupancy of y3 is influenced by the initial assignment of the
conformation and therefore no conclusions were drawn about changes in 3 between the different
sets of fits. Comparison of the polar plots highlights the significance of identifying and
analyzing the validated simulation results because it exposes conformers that are sampled in MD
runs which are not experimentally relevant.

No correlation was found between the starting rotamer used for the spin label and

agreement with experiment. However, starting with different rotamers of the spin label does
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Figure 2-14. Polar plots illustrating the dihedral angle values sampled by the spin label
at sites 180 and 249, for the simulations which did not agree with experiment. The results of
runs v — x are combined in each of the plots for each site. The plots have been normalized with

respect to the dihedral angle occupancy.
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enhance the sampling of the spin-labeled location. For instance, although in each of the ten runs
the starting orientation of the spin label was the same in both monomers of the EcoRI complex,
the two spin labels still sampled different conformers. By enhancing the conformers sampled
throughout the simulation, the chance of identifying conformers which agree with experiment is
increased.

The distribution and jumps about these dihedral angles provides insight into the dynamics
of the spin label. The y1 and xs polar plots show several dihedral angles sampled as well as broad
distributions about these values. This indicates increased torsional oscillations and jumps about
the two terminal angles of the spin label. These oscillations and jumps are also evident in the
time-dependent trajectories of x4 and ys (Figure 2-15 and 2-16). The fast dynamics of x4 and s
agrees with the previously proposed ya/ys model of motion in which the main contributor to the
spin label mobility has been proposed to arise from motion about the ys and ys dihedral
angles.(21, 25)

Conformers found in runs i and ii of the validated results were identified at sites 180 and
249, allowing comparison of the conformers sampled by the spin label at different secondary
structures. To identify the conformers sampled from the simulated results, the dihedral angles
were rounded to those found in the torsional potential energy profiles of the spin label.(96) The
conformers identified are listed in Figure 2-17 along with a pictorial representation to visually
demonstrate the difference in the conformers at each site. The conformers shown in Figure 2-17
were the highest occupied in runs i and ii. Due to the flexibility in the ys angle, all possible
values of ys were considered when identifying the conformers.

Using the cellular retinol-binding protein (CRBP), Lietzow and Hubbell suggested

preferred geometries of several spin-labeled sites on interior and edge f-strands by CW-ESR
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Figure 2-15. Time dependent trajectories of the five defining dihedral angles of the spin
label at sites 180 and 249 for run i. The results are shown for each spin label on monomer 1

(black) and monomer 2 (gray).
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Figure 2-17. The significantly sampled conformers present in the validated simulations
are shown for sites 180 and 249. Below the pictorial representations are the rounded dihedral
angle values (y1-yz) for each conformation. All possible ys values were considered in the

identified conformers.
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analysis and manual variation of the spin label conformation built into the CRBP crystal
structure. From this work they proposed that edge strands, such as where 180 is located, favor
[x1, x2] conformations of [+60, -60] and [+60, 180] (dihedral values as used by Hubbell and
coworkers).(31) This is due to the non-hydrogen bonding (NHB) neighbor of the B-strand lying
close to the spin label and therefore preventing the commonly observed [-60, -60] conformation.
Indeed, the [-60, -60] conformer was rarely occupied in the validated MD results at site 180, but
neither was the [+60, 180] conformation. The [+65, -75] conformer was observed, however.
Other conformers were also observed such as [-60, +75], [-60, 180] and y1 = 180° conformers.

These conformers may arise from the degree of strand twist in the -strand or local side
chain interactions at site 180. It was proposed that when the degree of strand twist increases the
residues will spread out and reduce side chain - spin label interactions.(31) In addition, different
conformers of the spin label at 180 reside in close proximity to residues in the outer arm of
EcoRI. For example, the [180, +75] conformer is positioned in close proximity to an asparagine
residue on the adjacent B-strand, which is the NHB neighbor of site 180. As pointed out by
Lietzow and Hubbell (31), spin labels present on B-strands are expected to interact more with
NHB neighbors that are f-branched residues, such as valine or isoleucine. It can be reasoned
that due to the fact that the NHB neighbor of site 180 is not B-branched there exists little
interaction between the two residues. Taken together with the strand twist present in the -strand
at site 180, alternative conformations of the spin label are possible.

As noted previously, most studies that have investigated spin label conformations and
dynamics have been performed on a-helical sites. Although site 180 provides insight into the
behavior of the spin label on a different secondary structure such as a -strand, modeling on an

a-helical motif, such as at site 249, provides a reference to compare these MD simulations with
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the work of others. Using X-ray crystallography, several preferred spin label conformers have
been identified on solvent accessible a-helical sites in T4 lysozyme. From these structures the
most preferred [y1, ¥2] conformations were found to be: [-60, -60], [180, +60], and to a lesser
extent [180, -60]. These conformers are also found to be energetically favorable in the DFT
calculations performed by Warshaviak et al. (97) The [-60, -60] and [180, +60] spin label
conformers are believed to be stabilized by the S;---H-C, interaction of the spin label with the
protein backbone.(89, 97) In the [180, -60] conformation the S; apparently interacts with the
backbone C=0.(97) At site 249 two of these three preferred conformers were significantly
sampled in the validated simulations: [-60, -75] and [180, -75]. Tombolato et al. and Sezer et al.
both found the [-60, 180] conformer to be the most probable in their simulations on a polyalanine
a-helix.(96, 98) The [-60, 180] conformation was observed at site 249, however, not as
significantly as in the works of Tombolato et al. and Sezer et al. Lastly, the [180, 180]
conformer was also sampled at site 249. The [-60, -75], [180, -75] and [180, 180] were also
observed in the work of both Tombolato et al. and Sezer et al., however to a lesser extent.
Hubbell and co-workers have shown that the [-60, 180] and [180, 180] conformers are
sterically allowed at a-helical sites (i.e. those modeled in T4 lysozyme), but are rarely observed
in the crystal structures. For example, the [-60, 180] conformer has been observed only once, and
that at a crystal contact site.(92) It is proposed that these conformers are not stabilized by the
Ss---H-C,  interaction, and thus their y, angles are less constrained, so that mobility or
distribution among conformers produces weak crystallographic electron densities. Such disorder
is not observed in the solution CW spectra.(89) Additionally, the [-60,180] conformation was
found to possess the highest relative energy in the recent DFT calculations.(97) The MD force

field used in this work lacks the appropriate details, such as polarizability, to observe the
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possible lone pair interaction between the spin label S; atom and the hydrogen from the
backbone H-C,. Thus, these conformers may be less probable in experiment due to the
stabilization of other conformers, i.e. [-60, -60], [180, +60], and [180, -60], by this interaction.
Such discrepancies between simulation and experiment expose the limitations of the current
simulation techniques. Even if the simulations are extended or general sampling is increased, the
spin label may still sample conformers that are less likely to be observed experimentally. Thus,
agreement between the MD results and experiment may not always be plausible even if the
simulations are carried out for much longer timescales. Ultimately, only the conformers that
agree with the experimental constraints should be considered.

Different preferred conformers were occupied by the spin label present on different
secondary structures. Site 180, present on an edge B-strand, was the only site where the y1 =
+65° conformer was significantly sampled. It has been mentioned that such a conformation of
the y1 dihedral angle is sterically forbidden in nearly all o-helical sites(89), and in fact this
conformer was rarely occupied at the 249 site. Interestingly, no one preferred conformer was
the same for site 180 and 249. This underscores the sensitivity of the spin label to the secondary

structural location.

2.4.4 Broad Utility of Approach

We have shown in this work the value of using MD simulations to model the spin label
conformer and dynamics at two different secondary structures. Insight gained into the behavior
of the spin label on a B-strand is significant due to the limited amount of information that exists
on the behavior of the spin label in B-strands or B-sheets. In addition, we have demonstrated the

need to extend MD simulations to longer timescales (> 10 ns) to ensure backbone equilibration
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of the system as well as to effectively sample the spin label conformers. We have also shown
that the use of correlated experimental distance constraints can provide strict criteria for
agreement between simulation and experiment, and thus for identifying the most probable
conformers in solution. Since the favored conformations of the spin label are likely to depend
primarily on highly local features of its secondary structure environment, these favored
conformations can then be used to deconvolute positional distributions of the spin label from
positional distributions of the backbone. The potential utility of our approach is thus in
establishing the favored spin label conformation for a particular location in a protein. This
information can then be used to extract differences in backbone distributions when comparing
complexes of the same protein (whose secondary structure should often be conserved) with
different ligands or under different solution conditions. This work underscores the need for new
methods to simulate spin label packing and conformations in different systems and at different
secondary structures. Methods such as the rotamer search (110-111, 114) and rotamer library

(63, 99-100) provide alternative means to account for spin label conformational distributions.

2.5 CONCLUSIONS

ESR-DEER experiments on proteins yield distance distributions which convolute the effects of
backbone positions and motions with preferred conformations and dynamics of the spin label
moieties. These factors can be deconvoluted by MD simulation, provided that the simulations
accurately reproduce the experimental ESR-DEER data. This we have done successfully for
spin-labeled sites 180 and 249 of the specific ECORI-DNA complex, also allowing us to compare

spin label behaviors when located on a (3-strand or an a-helix. These simulation studies enhance
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our understanding of the behavior of spin labels in proteins and thus expand the ability of ESR

spectroscopy to contribute to knowledge of protein structure and function.
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3.0 ELECTRON SPIN RESONANCE REVEALS THAT THE PROTEIN-DNA
INTERFACE IS SENSITIVE TO DIFFERENT CLASSES OF A PROTEIN-DNA

COMPLEX

3.1 ABSTRACT

Protein dynamics and order may play a role in the specificity with which some DNA-binding
proteins recognize their specific DNA sites. In this work, the potential of site-directed spin
labeling to resolve changes in dynamics of EcoRI bound to its specific, miscognate (one base
pair mismatch), and nonspecific (> 2 base pair mismatch) DNA sites was investigated.
Continuous wave (CW) spectra were analyzed for spin-labeled sites at various positions in a
region of the protein that has previously been implicated to play a role in the binding specificity.
Quantitative information on dynamics was obtained by simulating the X-band CW spectra based
on the stochastic Liouville equation. The protein-DNA interface was found to be most sensitive
to the changes between the complexes, demonstrating clear differences in the spin label
dynamics and order. CW spectra for the spin-labeled sites located further away from the DNA
showed little variation in dynamics between the complexes. However, a possible conformational
transition in the ECoORI-DNA complexes was detected at these surface-accessible sites. This

work localizes the area of the protein that is most sensitive to conformational-vibrational changes
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between the different EcCoRI complexes. This work also demonstrates the ability of ESR to

differentiate between dynamics in a set of related complexes.

3.2 INTRODUCTION

Protein-DNA interactions play an important role in many biological processes such as
transcription and genome repair, where recognizing and binding to the correct DNA sequence is
critical. Such is the case for restriction endonucleases, a group of enzymes that bind to and
cleave foreign DNA at specific sites. Cleavage of the wrong DNA sequence can have fatal
consequences. For this reason, restriction endonucleases possess a high affinity for their correct
DNA binding site.

The restriction endonuclease, EcoRI, has been the subject of extensive genetic,
biochemical, and biophysical research.(119, 131) EcoRI has been shown to bind to its specific
recognition site (GAATTC) with a binding affinity that is ~50,000-90,000-fold greater than to a
site that differs by one base pair (miscognate sites).(117-118) For nonspecific sites, where the
DNA sequence differs from the specific by two or more base pairs, the binding affinity is as poor
as for the weakest miscognate site.

This binding specificity makes EcoRI an ideal model to investigate the protein-DNA
interactions that are responsible for specific DNA recognition and binding. To gain a full
understanding of how EcoRI discriminates between different DNA sequences, thermodynamic
profiles (AG®°, AH®, TAS®, AC,°) of each of the complexes has been measured.(131-132) The

heat capacity change (AC,°) was found to differ most between the three EcoRI complexes

(specific, miscognate, and nonspecific). A strongly negative AC,° is the hallmark of the
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formation of a specific protein-DNA complex. A negative AC,° for a specific protein-DNA
complex arises due to the hydrophobic effect and restriction of conformational and vibrational
freedom of the protein, DNA, and interfacial waters. These factors are all present in the specific
EcoRI complex, giving rise to a largely negative AC,°. The AC,° for the miscognate complex is
only moderately negative and near zero for the nonspecific complex. For this reason, it is
believed that the noncognate complexes (i.e., miscognate and nonspecific) form looser
complexes with the DNA and have more freedom of motion than the specific complex.(129, 132)

EcoRlI is a 62 kDa homodimer that consists of a large, stable main domain and an arm
domain. Each arm consists of an inner and outer segment. Crystal structures are available for
the free enzyme and the enzyme in complex with specific DNA. The arms are invisible in the
free complex, but become partially ordered and enfold the DNA in the specific complex.(129)
The structure of the specific complex is shown in Figure 3-1A where the main domain is shown
in silver, the DNA vyellow, and the inner and outer arms highlighted in blue and red,
respectively.(119-120)

Crystal structures of the specific complex as well as ethylation interference (DNA
phosphate) footprinting of the specific and miscognate complexes indicate that the arms may
play a role in the binding specificity of EcoRlI. In particular, the arms have been found to provide
important phosphate contacts that stabilize the DNA conformation in the specific complex.(117,
120, 133) Footprinting results indicate that some key phosphate contacts are missing in the
miscognate complex. Other than these footprinting results there is virtually no residue level
structural information on EcoRI bound to a noncognate sequence. This is a common problem for
endonucleases where for the ~3600 known restriction endonucleases, only four structures of

miscognate and nonspecific complexes have been determined.(134-137)
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Figure 3-1. A. The crystal structure of the specific ECORI-DNA complex (PDB: 1CKQ)
(120). The main domain is highlighted in silver and the DNA in yellow. The inner and outer
arms are shown in blue and red, respectively. The spin-labeled residues are shown as black
spheres. B. One monomer of EcoRI with the DNA is shown at a closer view. Here it can be
seen that sites 123, 131, and 197 are located on the inner arm and site 180 is located on the outer

arm. Site 249 resides in the main domain of the complex.
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To probe the behavior of the EcoRI arm region upon binding different sequences of
DNA, double electron-electron resonance (DEER) experiments were previously performed on
the specific, miscognate, and nonspecific EcCORI complexes. The three sequences used in the
previous and current work are shown in Figure 3-2. The specific, miscognate, and nonspecific
sites are highlighted and base pair changes are indicated in red. In the previous work, distance
measurements were made across the inner and outer arms and from the outer arm to the main
domain of EcoRI. For each of the measurements, similar average distances were obtained
between the three complexes. It was thus concluded that the arms envelop the DNA in each of
the complexes and are similarly oriented on average, suggesting that the DNA resides in the
same binding cleft of EcoRIl in the different complexes. Furthermore, in two of the
measurements the noncognate complexes were found to have broader distance distributions than
the specific complex. This may indicate that the arms of EcCoRI may have more conformational
freedom in the noncognate complexes.(54)

The goal of the current work is to identify regions of the EcCoRI-DNA complex that
display changes in dynamics and/or order between different complexes. Site-directed spin
labeling in conjunction with electron spin resonance (ESR) is an ideal candidate for probing the
change in dynamics of the EcoRI complexes. Continuous wave (CW) ESR has proved to be an
effective method to resolve the dynamics of spin-labeled proteins.(4, 18, 25-28)

Qualitative measures such as spectral breadth and the inverse central line width (87) have
been previously employed to probe nitroxide mobility.(4, 21, 138) Alternatively, quantitative
dynamical information can be extracted from the CW spectra through simulation based on the

stochastic Liouville equation.(15-16) The CW line shape is sensitive to reorientational rates
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Specific
5’ -—TCGCGAATTCGCG

AGCGCTTAAGCGC—--5"

Miscognate
5’ --TCGCAAATTCGCG

AGCGTTTAAGCGC—--5"

Nonspecific
5’ -——GTGCCTTAAGCGCG

CACGGAATTCGCGC—--5"

Figure 3-2. Full sequences for the specific, miscognate, and nonspecific DNA used to
construct the mutant EcoRI-DNA complexes. The significant binding sequences are highlighted

in bold. The base pairs which differ from the specific sequence are also highlighted in red.
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as well as molecular ordering of the spin label. The reorientational rates of the spin label contain
contributions from the internal motion of the side chain, backbone motions, and overall
rotational motions of the protein. However, for soluble proteins with a molecular weight > 50
kDa the contributions of the overall protein reorientational diffusion is negligible.(27) The
ordering of the spin label reflects the restriction in its amplitude of motion due to interactions
with the protein as well as backbone motions. Often the term mobility is used to describe the
combined effects of the reorientational rates and ordering on the CW spectrum. Using the
simulation technique several CW-ESR dynamics analyses have been used to investigate spin-
labeled sites in T4-lysozyme (25, 30, 32, 89-91) as well as other soluble (27, 31) and membrane
proteins (94-95, 139) and nucleic acids (33, 140). To date, however, CW-ESR has not been used
to probe the difference in dynamics and order between classes of a system.

One of the most thoroughly investigated protein systems using CW simulation is T4
lysozyme. A vast amount of work has been done using T4 lysozyme to better understand the
change in rotational rates and molecular ordering at different spin-labeled sites and how these
parameters reflect the change in protein backbone dynamics. (25, 30, 32, 89-91) Using this
model system, the y4/xs model was developed to describe the motion of the spin label at solvent-
accessible, non-interacting helical sites. In this model the internal motion of the spin label is
believed to be dominated by rotations about the terminal 4 and s dihedral angles. This arises
due to a hydrogen bond interaction between the spin label and protein backbone which stabilizes
the orientations of the y; and y» dihedral angles.(21, 25) The majority of the work concerning the
¥a/xs model has revolved around spin-labeled sites on a-helices. The relevance of this model at

other secondary structures, however, is of interest. It has recently been shown that orientations
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of the spin label are possible on a -sheet for which the hydrogen bond interaction between the
spin label and backbone is absent.(95)

Site 72 in T4 lysozyme, located on a long, stable, a-helix has been viewed as a model
spin-labeled site to describe the internal motions of the spin label. This is due to the fact that the
backbone mobility at this site is low. In addition, the spin label is not involved in any tertiary
interactions or interactions with nearby residues at this site. Thus, the motion of the spin label is
dominated by the internal motions of the spin label. The rotational rate and order parameter,
which quantifies the restricted motion of the spin label, were found to be 8.3 x 10" s and Sy =
0.47, respectively, at site 72. By comparing to site 72, the variation in order and rotational rates
at different spin-labeled sites in T4 lysozyme has been investigated to understand the
contribution of backbone motions and local interactions to the CW spectrum.(25, 89) For
example, spectra for site 131 in T4 lysozyme, located on a short a-helix were fit using the same
rotational rates as at site 72, however, a lower order parameter was needed (Sy = 0.35). The
difference between the two sites was attributed to the increase in backbone mobility at site 131
reducing the restriction of spin label motion at this site. These results concur with those of the
crystal structure of T4 lysozyme where site 131 was found to possess higher Debye-Waller
factors compared to site 72.(25)

As mentioned previously, order describes the restriction of motion of the spin label due to
local interactions with the protein side chains or backbone, as well as, the extent of protein
backbone motion. Using T4 lysozyme, a physical interpretation of the order parameter was
explained in terms of the y4/ys model. In this system, the restriction of the spin label motion
arises not only from the Ss interaction with the protein backbone, but also from interactions

between the S; and a hydrogen or methyl group in the nitroxide ring of the spin label.(25) These
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interactions restrict the rotation about the ys dihedral angle of the spin label. The order
parameter has also been shown to have physical relevance in the backbone mobility of a DNA-
binding peptide, GCN4-58 bZip. Work on this system was found to agree with previous NMR
relaxation experiments. Although defined differently, the change in order parameters for both
NMR and ESR both indicated a gradient of backbone mobility along the DNA-binding region of
this peptide.(27)

In this work, X- and W-band CW spectra were collected for five mutated sites in EcoRlI,
in three different complexes: specific (GAATTC), miscognate (AAATTC), and nonspecific
(CTTAAG). Sites 123, 131, and 180 were chosen to probe the change in dynamics of the inner
and outer arms upon binding different sequences of DNA. Site 197, which also lies on an arm,
was chosen because it is closer to the protein-DNA interface. The DEER experiment was also
performed at this site to measure the 197-197 distance in the three EcoRI complexes. Lastly, site
249 was chosen to be used as a reference in the stable, main domain of the EcoRI complex.
These sites are shown in Figure 3-1. In this way, changes between the different EcoRI complexes
were probed as a function of spin label site. Comparisons were made among the different spin-
labeled sites to provide insight into the locations of the EcoRI-DNA complex which are most

sensitive to the changes in the conformational-vibrational freedom of the complexes.
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3.3 METHODS

3.3.1 Construction of EcoRIl Mutants

Mutants of EcoRI were generated as described previously (126) and spin-labeled at sites 123,
131, 180, 197 and 249 (Figure 3-1A) using the methanethiosulfonate (MTS) spin label. A
protein concentration of 60-180 uM was achieved for each of the samples. Appropriate salt
concentrations (0.22 M) and pH (7.3) as well as excess DNA were used to ensure that nearly all
the sample existed as the protein-DNA complex. All of the samples were prepared in 10%
glycerol with the exception of the 30% Ficoll 70 samples that were also prepared for the 123 and

197 spectra.

3.3.2 ESR Measurements

The 9 GHz continuous wave ESR spectra were collected using a Bruker EleXsys CW/FT X-band
ESR spectrometer with the Bruker Super High Sensitivity CW resonator (room temperature) or
X-band ER-MDS5 resonator (low temperature). The X-band spectra were collected usinga 1 G
modulation amplitude and a modulation frequency of 100 kHz. The temperatures were
maintained using an Oxford ITC 503 temperature controller and CF935 dynamic continuous
flow cryostat. For temperatures of 293 K and below the temperatures were maintained using
liquid nitrogen. The 95 GHz spectra were collected using a Bruker ElexSys E680 FT/CW W-
band ESR spectrometer with a Bruker W-band EN600-1021H resonator. Spectra were collected
at the Bruker Biospin facility in Billerica, MA. Samples of less than 1 pL were loaded in a 0.1

mm ID quartz capillary tube and analyzed under a microscope to ensure there were no air
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bubbles in the capillary. The temperature was maintained at 293 K using nitrogen gas flowing
through a copper coil which was cooled by an ice bath. The W-band spectra were collected
using a 4 G modulation amplitude and a modulation frequency of 100 kHz.

In addition to the other published distance measurements on the EcoRI-DNA complexes,
the 197-197 distance was also measured.(54) In this work, the DEER experiment was performed
using a Bruker EleXsys CW/FT X-band ESR spectrometer with the Bruker X-band ER-MD5
resonator. Each of the 197 DEER samples was prepared in 30% deuterated glycerol, 65%
deuterated water, and 5% protonated water. Appropriate salt concentrations (0.22 M) and pH as
well as an excess of DNA was used to ensure that at least 99% of the sample existed as the
protein-DNA complex.(141) The samples were flash frozen by plunging the capillaries into
liquid nitrogen cooled propane. The DEER experiments were performed at 40 K using an
Oxford ITC 503 temperature controller and CF935 dynamic continuous flow cryostat. DEER
experiments were performed using the four-pulse sequence: (7/2)y1-T1-(7)y1-T-(7T)y2-T2-(70)y1-T2.
The observer (1/2),; and (m),1 pulses were 16 and 32 ns respectively, and the pump (7)., pulse
was 12 ns for both peptide samples. The pump pulse was located at the maximum of the
nitroxide spectrum with the observer pulse applied at a frequency ~70 MHz higher. A step size
of 8 ns was used and the integrated echo intensity was collected for 256 points. A two-step
phase cycling (+x, -x) was carried out on the first /2 pulse. The pump pulse began 40 ns before

the echo so that the zero time could accurately be determined.

3.3.3 Spectral Fitting

The hyperfine (A) tensor and g-tensor (g) parameters were obtained by fitting low temperature
rigid limit spectra using the solid-state (pepper) model in EasySpin.(142) These parameters,

84



shown in Table 3-1, were then held fixed when fitting the room temperature spectra. The fits to
the low temperature spectra are shown in Figure 3-3. The values found for both the g and A-
tensors are similar to those found at other solvent-exposed a-helical sites.(25, 27, 30)

Non-linear least-squares fits to the room temperature spectra were performed using the
anisotropic Brownian diffusion and microscopic order macroscopic disorder (MOMD) models
present in the NLSL program developed by Freed and coworkers.(15-16) The anisotropic
Brownian diffusion model mimics diffusive motion using an infinitesimal number of
reorientational steps. In the MOMD model, the motion of the spin label is constrained by an
ordering potential that represents the ordering of the spin label due to its local environment.

In each of these simulation models the local rotational motion of the spin label and
backbone were fit using the average rotational rate constant (ﬁ) and the anisotropy parameter
(N) where (15):

ﬁ:;/RfR”

L (3-1)
R

The rotational rate constant can be described in terms of the mean rotational correlation time
which is defined as T = 1/6 R. The rotational diffusion tensor described by these rotational
parameters is transformed into the nitroxide magnetic axis system by three Euler angles (ap, Pp,
vo). In this work only Bp was used as a fitting parameter, ap = yp = 0 as is usual for an axially
symmetric rotational tensor.(30-31) The ordering potential coefficient, ¢y, was also used in the
simulations which were done using the MOMD model. The ordering potential U(Q) in the

MOMD model can be expanded into a series of spherical harmonics (14):
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Table 3-1. g and A-tensor Values from Low Temperature Spectra

Mutant

Complex Oxx Oyy Oz Axx Ayy Az
197 2.0082 2.0064 2.0020 6.2 6.2 35.7
Specific
197 2.0082 2.0064 2.0020 6.2 6.2 35.7
Miscognate
197 50082 2.0064 2.0020 6.2 6.2 35.7
Nonspecific
123 2.0082 2.0064 2.0022 6.2 5.1 35.9
Specific
123 2.0082 2.0064 2.0022 6.2 5.1 35.9
Miscognate
123 50082 2.0063 2.0022 6.2 5.1 35.6
Nonspecific
131 2.0083 2.0061 2.0020 6.2 5.1 36.3
Specific
131 2.0083 2.0062 2.0020 6.2 5.1 36.3
Miscognate
131 50083 2.0064 2.0023 6.2 5.1 36.3
Nonspecific
180 2.0081 2.0062 2.0020 5.7 5.3 36.3
Specific
180 2.0083 2.0063 2.0022 6.1 5.4 36.0
Miscognate
180 50083 2.0062 2.0020 6.1 5.7 36.8
Nonspecific
249 2.0084 2.0066 2.0022 6.2 5.1 35.6
Specific
249 2.0084 2.0063 2.0020 6.2 5.1 35.6
Miscognate
249 50084 2.0063 2.0020 6.2 5.1 35.6
Nonspecific
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Figure 3-3. Simulated fits to the low temperature CW spectra. The fits provided the g

and A-tensor values used for the subsequent room temperature simulations.
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U(€Q) =—kgT ZCLK Dk (Q) (3-2)

L,K
where Q = (o, B, y) are the Euler angles between the rotational diffusion tensor and the local
director frame (fixed on the protein) which reflects the ordering of the spin label due to local

structural features of the protein environment. The order parameter, Sy is defined as:
1
S0 =(D§) = <E(3cosz i —1)> (3-3)

This parameter can be calculated from the ordering potential coefficient, c.(14, 143) Lastly, all
spectra were fit using the isotropic inhomogeneous line-broadening parameter, W.

In order to reduce the number of parameters, the fits were initially performed using the
anisotropic diffusion model. Order was introduced into the simulations which could not be
successfully fit using just the diffusion model. The initial search for parameters was performed
by reducing the x* which was also used at first to measure the quality of fit. However, * is
biased towards the quality of fit to the central line of the CW spectrum; therefore it was not
always reliable or appropriate. Therefore, the final quality of fit to the data was assessed by
focusing on the low-field region of the spectrum which was found to show the biggest difference

between the complexes.
3.3.4 MD Simulations

Sites 131, 197, 180 and 249 on the crystal structure of the specific ECoRI-DNA complex (119-
120) were mutated to nitroxide spin-labeled cysteines using the VMD program.(122) A
Metropolis Monte Carlo minimization (MMCM) rotamer search was then performed in

CHARMM (123) using the rotamer search program developed by Fajer et al.(110) Parameters
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describing the spin label force field were taken from the work of Sezer et al.(98) The
CHARMMZ27 force field was used for the protein and DNA.(124) Two singly (131 and 197) and
one doubly labeled (180 and 249) specific EcCoORI-DNA complexes were constructed for MD
simulation.

All structures were solvated in an explicit water box and counter ions were added to
neutralize the system and provide a salt concentration comparable to experiment ([NaCl] = 0.22
M). All MD simulations were performed using the NAMD program.(125) The structures were
energy minimized using a conjugate gradient method. After heating the system to 300 K, the
system was equilibrated for 1 ns in an NPT ensemble of 1 atm using a Langevin piston. During
both the minimization and equilibration steps the protein backbone and DNA were restrained as
well as the spin labels. Production runs were performed in an NVT ensemble for 60 ns using a 2
fs time step. Periodic boundary conditions were used and particle mesh Ewald summation was

used to treat the electrostatic interactions. Visualizations were done using VMD.(122)

3.4  RESULTS

Five EcoRI mutants were constructed with the MTS spin label introduced at sites 123, 131, 180,
197 and 249. Sites 123 and 131 were chosen to probe the dynamics at the inner arm of EcoRl.
Site 123 resides on an a-helix in the “hinge” of the inner arm whereas 131 is located on a loop at
the end of the inner arm. The outer arm was also investigated at site 180 which resides on an
edge B-strand. Site 197 resides on a loop sight in the inner arm of EcoRI and was chosen to

probe the protein-DNA interface of EcoRI. Lastly, 249, which resides on an a-helix, was chosen
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as a reference spin-labeled site as it is located in the main domain of EcoRI and should not be
sensitive to changes in the arm dynamics with change in the DNA sequence. The mutants were
bound to the specific (GAATTC), a miscognate (AAATTC), and a nonspecific (CTTAAG)
sequence of DNA, resulting in a total of 15 spin-labeled EcoRI-DNA complexes. In all cases,
excess DNA, and appropriate salt concentrations and pH were used to ensure that at least 99% of
the sample exists as the protein-DNA complex.(141) In addition, the functionality of all the
spin-labeled mutants was confirmed as described previously.(54)

Room temperature (293 K) X- and W-band CW spectra were collected on the complexes.
The X-band spectra were further used for simulation. Variable temperature X-band spectra were
collected on the mutants in the arm region to probe changes in the dynamics of these spin-labeled
sites as the temperature is decreased. Additionally, variable viscosity X-band spectra were
collected on the complexes spin-labeled at sites 123 and 197 to investigate the contribution of the
protein global tumbling on the spectra. Room temperature spectra were collected on these
samples in the presence of 10% glycerol (as all the other samples) or 30% Ficoll 70. These
spectra are shown in Figure 3-4 where the solid line represents the spectra in 10% glycerol and
the dashed line the spectra in 30% Ficoll 70. In the case of 197, the spectra at different
viscosities are nearly identical. This indicates that the global tumbling of the EcoRI-DNA
complex is on a slow enough time scale that it has a minimal effect on the X-band spectra.
Indeed work on smaller systems, such as the DNA-bound GNC4-58 dimer, have shown little
effect from global mobility.(27) In the case of the DNA-bound GNC4-58 dimer the total
molecular weight of the complex was 50 kDa; however, the EcoRI dimer alone possesses a
molecular weight of 62 kDa. In the 123 spectra the specific complex does show a small variation

with change in sample viscosity. The spectra are slightly broader in the noncognate complexes
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Figure 3-4. Room temperature X-band spectra of sites 123 and 197 in the specific
(green), miscognate (purple), and nonspecific (orange) complexes in 10% glycerol (solid line) or

30% Ficoll 70 (dashed line).

91



in the presence of 30% Ficoll 70. Given that the global tumbling is believed to contribute very
little to the CW spectra, these changes could arise from viscosity effects on possible rotameric or

conformational exchange in the complex.

3.4.1 Comparison between Spin-labeled Sites of the Specific Complex

Changes are evident between the spectra of the different spin-labeled sites, indicating that the
spectra are sensitive to the spin-labeled location and backbone motions. Using the 8 as a semi-
quantitative measure, the relative differences between the spin-labeled sites of the specific
complexes was compared. It has been shown that ™ depends primarily on the rotational rate of
the spin-labeled site.(27) Figure 3-5 illustrates the 5™ for the spectra of each of the spin-labeled
sites in the specific complex.

The spectra at site 131 possessed the highest 5™ values. This is not surprising, however
as this site is located on a loop region and is not entirely resolved in the crystal structure of the
specific EcoRI complex.(129) Interestingly, the second most mobile spectra were obtained at
site 180 which resides on the middle of an edge B-strand. Although site 180 is located on a
more stable secondary structure (p-strand as opposed to a loop), previous work on the cellular
retinol binding protein has shown that spin labels on edge -strands possess very low order due
to the fact that the strand is flanked by only one hydrogen-bonding neighbor.(31) Moreover,
twisting of the B-strand as well as possible interactions with the neighboring amino acids
contributes to the extent of order experienced by the spin label.

The spectra for sites 123 and 249 had similar 5 values, indicating that the mobility at
each of these sites is similar. Sites 123 and 249 reside at different locations in EcoRI (arm
versus main domain, respectively), however, they are both located on a-helices. The similarity
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Figure 3-5. Inverse central line widths measured from the X-band spectra at the different

spin-labeled sites in the specific ECORI-DNA complex.
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in 87 values between the two sites highlights the comparable behavior of the spin label and
backbone dynamics at surface-accessible a-helical sites. The & values are also in agreement
with those for helical surface sites of T4 lysozyme.(21) Lastly, site 197, located at the protein-
DNA interface, possessed the smallest 8 value, indicating that the spin label is more immobile

at this site than at any of the other sites.

3.4.2 Protein-DNA Interface: Site 197

The X- and W-band spectra for the three complexes at site 197 are shown in Figure 3-6. At this
site there are clear differences between the spectra of the three complexes at both frequencies.
The spectrum of the specific complex is indicative of an immobilized state. This immobility is
evident in the gk« and g, regions of the W-band spectra where in the specific complex each of
the g-tensor peaks are resolved. This region is highlighted in gray in the W-band spectra of
Figure 3-6. The spectra indicate an increase in mobility as one goes from the specific to
miscognate to nonspecific complex.

To quantify the changes in the dynamics between the three complexes, the X-band
spectra were simulated using the NLSL program of Freed and coworkers.(15-16) The
simulations are overlaid on the experimental spectra in Figure 3-6 (simulated — dashed line). The
parameters for the best fits to the spectra are presented in Table 3-2. The spectra were fit with
two components, a mobile component with low order and an immobile, higher ordered
component.

The mobile component is characterized by a rotational rate which increases from the
specific to the nonspecific spectra. This component was fit using a rotational rate of 2.40x10’ s
in the specific complex spectrum. On the other hand, in the miscognate and nonspecific spectra
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Figure 3-6. Room temperature X- and W-band spectra at site 197 in the specific (green),
miscognate (purple), and nonspecific (orange) complexes. A. The X-band spectra were fit to
simulation (dashed). B. The gray boxes in the W-band spectra highlight the g« and g, regions
of the spectra which demonstrate changes in the different complexes for a particular spin-labeled

location.
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Table 3-2. NLSL Simulation Parameters

Mutant

Complex Comp. R (sY N S0 W (G) Bo %
197 1 2.40 x 10’ 14.5 0.26 1.04 30 67.9+0.2
Specific 2 3.31 x 10° 6.6 0.80 32.1+0.2
197 1 3.24 x 10’ 0.27 0.98 28 72.1+0.2
Miscognate 2 3.31 x 10° 0.69 27.9+0.4
197 1 3.72 x 10’ 0.27 0.89 28 81.9+0.2
Nonspecific 2 3.16 x 10° 0.66 18.1+0.6
123 1 4.27 x 10 105 0.45 1.11 39 64.8+0.1
Specific 2 1.70 x 10’ 11.0 0.45 35.2+0.2
123 1 1.28 58.3+£0.3
Miscognate™ 2 41.7+£05
123 1 1.45 43.8+0.3
Nonspecific* 2 56.2 + 0.4
131 1 7.76 x 10° 38.9 0.30 0.20 12 19.3+0.4
Specific 2 6.17 x 10° 47.9 0.30 80.7+0.2
131 1 0.20 20.6 £0.7
Miscognate™ 2 79.4+ 0.4
131 1 0.57 18.8+0.6
Nonspecific* 2 81.2+0.3
180 1 3.09 x 10’ 72.4 0.00 0.21 45 80.5+0.1
Specific 2 1.00 x 10’ 89.1 0.00 19.5+0.6
180 1 0.34 86.6 + 0.5
Miscognate™ 2 13.4+2.7
180 1 0.70 57.9+0.7
Nonspecific* 2 42.1+1.3
249 1 2.51 x 10’ 112 0.26 0.79 41 79.1+0.5
Specific 2 1.07 x 10’ 30.2 0.00 20.9+1.8
249 1 0.92 68.4+0.3
Miscognate* 2 31.6 0.9
249 1 0.92 49.0+0.1
Nonspecific* 2 51.0+£0.2

*Parameters the same as for the specific complex (with the exception of line width and

component populations.)
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this mobile component was fit with a faster rotational rate of 3.24x10’ s* and 3.72x10" s,
respectively. In addition to the rate increasing, the population of this component also increases
from the specific to the nonspecific spectra. Order was needed to appropriately fit the spectra for
all three complexes. The order of the mobile component did not vary significantly between the
three complexes. The specific complex spectrum was fit with Syo = 0.26 and the noncognate
spectra with Sy = 0.27.

To probe the correlation between the rotational rate and order parameter in the fitting
procedure, the spectra were fit using a set of rotational rates and varying the order parameter for
the best fit. Fits were also done using a set of order parameters and varying the rotational rate for
the best fit. Through this procedure it was found that the change in the rotational rates of the
mobile component between the three complexes is significant. The best fits were achieved using
the same order parameter and letting the rotational rate vary between the spectra of the three
complexes.

The second, immobile component at site 197 was less populated in all three complexes.
The specific complex spectrum possessed the highest population of this component, which
gradually decreased in the miscognate and nonspecific spectra. The spectra for the specific and
miscognate complexes were fit using the same rotational rate of 3.31x10° s for this component.
The nonspecific spectrum was fit with a slightly slower rotational rate of 3.16x10° s™.
Alternatively, the order parameter was the lowest in the nonspecific spectrum (S = 0.66). The
order parameter then gradually increased from the miscognate (S = 0.69) to the specific
complex spectrum (Syo = 0.80).

The correlation between the rotational rates and order parameter was also analyzed for

the second component using the same fitting procedure as described above. The result of this
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analysis was not as straightforward as for the first component. In particular, the immobile
component could be fit using the same rotational rates, but different order parameters for the
three complexes. However, successful fits were also found by varying the rotational rate and
holding the order parameter constant. Subtle changes in the spectra, due to different rotational
rates and order, as well as the correlation between these two parameters convolutes the analysis
of the immobile component. For this reason, future work will involve simulating fits to variable
temperature CW spectra. In this way the contributions of the rotational rate and order to the
change in the spectra of the three complexes can be probed.

The spectra and values used for the correlation analysis of the R and Sy, parameters are
shown in Figure 3-7 for both components 1 and 2. The best fits for each set (i.e., R constant and
S, varied for component 1) are boxed. The correlation between R and S, can be seen from the
fact that decent fits can be obtained for different combinations of the two parameters.

Attempts were also made to fit the 197 data by keeping ordering and rotational rates the
same and changing the populations. Satisfactory fits to the X-band spectra were not obtained as
shown in Figure 3-8. Here, the experimental spectrum for all three complexes are shown in
black (specific - top, miscognate - middle, nonspecific - bottom). Overlaid onto each of these
spectra are simulated fits (dashed), using the best fit parameters from the specific (green),
miscognate (purple), or nonspecific (orange) simulations. Only the line width and populations of
the components was allowed to vary in the fits. It can be seen in this figure that as the spectra
change from the specific to the nonspecific complex the fits become increasingly worse.

In addition to performing CW analyses at site 197, the DEER experiment was performed
to extract distance constraints across the protein-DNA interface region in all three complexes.

The background subtracted DEER time domain signal and corresponding distance distributions
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Figure 3-7. Correlation analysis of the R and S parameters for components 1 (top) and

2 (bottom) for the 197 spectra. The simulated results (dashed) are overlaid on the experimental

spectra. The correlation of the two parameters is evident in the fact that reasonable fits could be

obtained using different combinations of R and Sz. The best fits within a set are boxed.

99



197 Specific

197 Miscognate

197 Nonspecific

0.330 0.339 0.330 0.333
By (T) By (T)

Figure 3-8. A. Experimental spectra for the specific (top), miscognate (middle) and
nonspecific (bottom) complexes are shown in solid black. Simulations were performed using the
best fit parameters from the specific (green) , miscognate (purple), and nonspecific (orange) fits
for each of the three sets of experimental spectra allowing only the line width and percentage of
the components to vary (dashed lines). B. To highlight the changes between the fits, the low

field portion of the spectra has been expanded.
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are shown in Figure 3-9. As observed in the distance measurements at other spin-labeled sites
the average distance is the same for all three complexes. In this case, the average distance is 4.0
nm for all three distance measurements. Additionally, although the specific and miscognate
complexes possess distance distributions with similar standard deviations, the nonspecific
distance distribution is significantly broader. This is also evident in the DEER time domain for
the nonspecific complex which shows a damping of the modulation signal due to this increased

distribution of distances.

3.4.3 Surface-Accessible Sites: Arm Region (Sites 123, 131, 180)

The X- and W-band experimental and simulated X-band spectra for sites 123, 131, and 180 in
the three complexes are shown in Figure 3-10. The sets of spectra (specific, miscognate,
nonspecific) for each spin-labeled site are visibly different, indicating that the spectra are
sensitive to the local environment and secondary structure of the spin-labeled site. However,
differences between the spectra of the three complexes at a given spin-labeled site are smaller.
Slight differences are present, however, they are not as drastic as at site 197, nor do they follow
the same trend within the complexes.

At site 123, the X-band spectra were fit with two components, a mobile and an immobile
component. The immobile component is evident in the low-field shoulder of the spectra
(highlighted by a dashed line). Significantly, the spectra for all three complexes were fit using
the same parameters. The only parameters that varied between the fits were the line width and
population of the two components. The mobile and immobile components were fit with
rotational rates of 4.27x10” s* and 1.70x10’ s™, respectively. An ordering potential of 0.45 was
used to fit both components.
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Figure 3-9. A. The background subtracted time domain signal for the 197-197
intermonomer distance measurement performed using the DEER experiment. B. The
experimental distance distribution extracted from the time domain signal using

DeerAnalysis2009.(127) The data was fit using Tikhonov regularization.
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Figure 3-10. Room temperature X- and W-band spectra at sites 123, 131, and 180 in the
specific (green), miscognate (purple), and nonspecific (orange) complexes. A. The X-band
spectra were fit to simulation (dashed). The dashed vertical line in the X-band spectra is used
to guide the eye to the immobile component that is present in each of the spectra. B. The
populations of the mobile (solid squares) and immobile components (open circles) are plotted for
each of the three complexes at each site. C. The gray boxes in the W-band spectra highlight the
Oxx and gz, regions of the spectra which demonstrate changes in the different complexes for a

particular spin-labeled location.
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Two components were also evident at site 180 and like at site 123, the X-band spectra for
all three complexes could be fit with the same set of parameters. The dynamics of the two

1 and

components are slightly slower at site 180, possessing rotational rates of 3.09x10" s
1.00x10" s™ for the mobile and immobile component, respectively. Attempts were made to fit
the spectra with order; however, this did not improve the quality of fit. Thus, the spectra were fit
using the anisotropic Brownian diffusion model in which no ordering potential is needed.

At both sites 123 and 180 the population of the immobile component in the spectra
increased from the specific to the nonspecific complex. This trend can be seen in the center
panel of Figure 3-10 where the populations of the mobile (solid squares) and immobile
components (open circles) have been plotted. Compared to the height of the symbols in Figure 3-
10, the error bars for the individual populations are negligible; therefore they are excluded from
the plots. Additionally, in the W-band spectra of the nonspecific complexes, the gxx and g,
regions (highlighted in gray in Figure 3-10) are more resolved, indicative of an increase in the
immobile component in these complexes.

The dynamics at site 131 were slightly different compared to sites 123 and 180. As at the
other arm sites there are two components at site 131, however, the significant difference between
these components arises from a change in the polarity in the local environment. This is observed
in the increase of the hyperfine splitting between the two components based on the X-band
spectral simulation. The order parameter is the same for both components, and although the
rotational rates differ slightly it is not significant (7.76x10® s* versus 6.17x10°® s).
Additionally, the populations of the two components are the same in all three complexes, within
the error of the populations as provided by the fitting program. A possible third component is

evident in the high-field shoulder of the spectra (mainly in the nonspecific complex). However,
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fitting one spectrum with three components is complicated and can result in large errors in the
fitting parameters. Even for simple systems, such as T4 lysozyme, it has been shown that to
thoroughly investigate the dynamics and order at spin-labeled sites, experimental spectra at
multiple frequencies was needed. In addition, successful simulated fits to the CW spectra
required multiple components.(30, 32) The origin of these components is convoluted due to the
possibility of rotameric exchange of the spin label or conformational exchange of the system.
The presence of an immobile component in the W-band data is difficult to observe at site 131
due to the high mobility at this site.

Interestingly, although site 131 resides on a loop and site 180 on a B-strand, order was
needed to fit the 131 CW data, but not for 180. Although the rotational rates of the spin label are
significantly faster at site 131, the presence of charged local side chains (i.e. K130, D133, and
Q134) as well as the proximity to the DNA may induce a larger restriction on the spin label at
site 131. Indeed the fact that two components were present with differing polarities indicates
that perhaps the spin label is sampling different environments of the surrounding side chains.

In the case of 180 its nearest neighbor residue is a non-hydrogen bonding neighbor
(NHB). As shown in the work based on CRBP the side chain of a NHB neighbor will tend to
orient itself towards the spin label, with beta-branched amino acids providing more of a
crowding effect. However, the NHB neighbor of 180 is an asparagine residue, therefore less
interaction between the NHB neighbor and the spin label are expected, resulting in a less
restricted environment.

X-band CW spectra were also collected at lower temperatures to probe the behavior of
the two components as the temperature is decreased. In addition to the 293 K data, spectra were

collected from 283-253 K in 10 K increments for the sites in the arm region in all three
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complexes. These variable temperature spectra are shown in Figure 3-11. As the temperature
was decreased the population of the immobile component increased at all sites. The immobile
component is highlighted in Figure 3-11 by a dashed vertical line in each spectral set. The
immobile component is clearly more populated in the lower temperature spectra of the

noncognate complexes as compared to those of the specific complex.

3.4.3.1 Main Domain (Site 249)

The X- and W-band experimental and simulated X-band spectra for the three complexes spin-
labeled at site 249 in the main domain are shown in Figure 3-12. Similar to the spin-labeled sites
in the arm region, the spectra for the three complexes at site 249 vary only slightly. The only
major difference is that the noncognate spectra possess more of an immobile component as
shown by the dashed vertical line in the X-band spectra and gray region in the W-band spectra.
This is similar to the trend seen at the other sites.

As at sites 123 and 180, the 249 X-band spectra could be fit using the same parameters
for all three complexes and varying only the line width and populations of the components. The
249 spectra were fit with two components possessing rotational rates of 2.51x10’ s* and
1.07x10" s*. The mobile component was fit using an order parameter of 0.26; however, the
order parameter had a negligible effect on the fit to the immobile component, thus no order
parameter was used. The Sy, value for the mobile component is smaller than for site 72 on T4
lysozyme (Szo = 0.47). For this site it resides on the middle of an a-helix, however, site 249 of
EcoRI is on the N-terminus of the helix. Thus, the reduced order for the mobile component at
249 may be attributed to the increase in backbone fluctuations at the end of the helix as opposed

to the center. Again, the population of the immobile component increased as the complexes
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Figure 3-11. Variable temperature (253 — 293 K) spectra for each of the spin-labeled
sites in the arm region in the three EcoRI complexes. The dashed vertical lines are used to guide
the eye to the immobile component that is present in each of the spectra and increases as the

temperature is decreased.
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Figure 3-12. Room temperature X- and W-band spectra at site 249 in the specific
(green), miscognate (purple), and nonspecific (orange) complexes. A. The X-band spectra were
fit to simulation (dashed).  The dashed vertical line in the X-band spectra is used to guide the
eye to the immobile component that is present in each of the spectra. B. The populations of the
mobile (solid squares) and immobile components (open circles) are plotted for each of the three
complexes at each site. C. The gray boxes in the W-band spectra highlight the g« and gz,
regions of the spectra which demonstrate changes in the different complexes for a particular

spin-labeled location.
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changed from specific to nonspecific, this variation in population is shown in the center panel of
Figure 3-12.

Attempts were made to fit the X and W-band data for site 249 simultaneously using the
slowly relaxing local structure or SRSL model. This model takes into account the slow
reorientation of the ordering potential due to slower motions on the ESR timescale such as
backbone motions. Although reasonable fits could be obtained at X-band, the fits to the W-band
data were not successful. By using different fractions of the two components present in the
spectra, the quality of fit to the W-band data could be improved, however, the quality of fit to the
X-band data decreased. Ultimately, successful fits to both the X- and W-band data using the
same set of parameters and component populations could not be achieved. This issue was also
observed for T4 lysozyme using multifrequency CW spectra collected at 9 and 250 GHz
frequencies.(32) Only until experiments were analyzed at four frequencies (9, 95, 250 GHz) and
using three components could the T4 lysozyme spectra be fit successfully using the same

fractions for each of the components at all frequencies.(30)

3.5 DISCUSSION

In this work multifrequency CW-ESR was used to probe the subtle changes between related
EcoRI-DNA complexes. The AC,° values indicate that the noncognate complexes form “looser”
complexes. In addition, phosphate contacts formed between EcoRI and the DNA backbone form
a different pattern in the miscognate complex, missing key contacts that contribute to the high
binding affinity of the specific complex.(117, 120, 129, 132-133) As the residues involved in

these contacts reside in the arm region of EcoRlI it is believed that these arms play a role in the
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binding specificity of the endonuclease. Previous DEER experiments have shown that although
the arms are oriented similarly in the all three complexes, they may be more flexible in the
noncognate complexes due to a broader distance distribution.(54) The goal of this work was to
identify the region that is most sensitive to changes in the complexes by analyzing the change in

dynamics at the various spin-labeled sites.

3.5.1 Changes between Complexes Most Sensitive at the Protein-DNA Interface

Differences in dynamics and order as a function of DNA sequence was observed for site 197
only. The simulated fits to the 197 X-band spectra were performed using two components. The
mobile component present in all three complexes possessed a rotational rate that increased from
the specific to the nonspecific spectra. Similar order parameters were used to fit this component
in all three complexes. Together, this indicates that as the complexes change from the specific to
the nonspecific, the dynamics of the mobile component of the spin label increases.

An immobile component was also present in the spectra of the three complexes at site
197. The change in dynamics and order between the spectra of the three complexes are more
convoluted for this component. Similar rotational rates were used to fit all three spectra;
however, the rotational rate used to fit the nonspecific spectrum was slightly slower.
Alternatively, the order parameter used to fit this component decreased from the specific to the
nonspecific spectrum. From these fits it would appear that the order of the spin label
environment changes within the three complexes. However, these results are convoluted due to
the correlation of the rotational rates and order parameter. Therefore, future work will be done

to probe the change in dynamics and order of this component between the three complexes.
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At site 197 the spin label is in close contact with the second and third flanking residues
cytosine and guanine, respectively. Although the DNA backbone is hydrophilic, the bases of
DNA are hydrophobic. These bases in combination with the surrounding hydrophobic residues
(L136, M137, A138, and A139) all contribute to a hydrophobic pocket surrounding the spin-
labeled site. This pocket could give rise to the restricted immobile component due to interactions
between the nitroxide moiety and these side chains and bases. Possible wagging of the spin label
due to rotations about y, would move the spin label away from the hydrophobic pocket thereby
giving rise to the second, mobile component also seen in the CW spectra.

The increase in the dynamics and population of the mobile component in the noncognate
complexes may indicate a partial increase in the conformational freedom of the spin label in
these complexes. This would correlate with the AC,° as well as the previous and current DEER
results. In the case of the 197-197 DEER distance measurements performed here, the specific
and miscognate complexes possessed similar distributions; however the nonspecific distribution
was significantly broader.

At the sites in the surface-accessible arm region and main domain, the only significant
difference among the spectra of different complexes arose in the population of the mobile and
immobile components in the spectra. In particular, the noncognate complexes possessed a higher
population of the immobile component as indicated by the simulations of the room temperature
X-band spectra as well as visually in the variable temperature spectra. Indeed, each of the sets of
data was fit using the same dynamics and order for all three complexes, varying only the line
width and populations of the components. Due to the presence of multiple components and the
fast dynamics at site 131, less information could be extracted about similar mobile and immobile

components at this site.
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The CW comparison between the different EcoRI complexes indicates that although there
are indeed differences between the complexes at the protein-DNA interface, the surface-
accessible arm and main domain regions are not as sensitive to the changes in the conformational
freedom of the complexes. This could be due to the fact that the dynamics of the surface-
accessible spin-labeled sites is so mobile initially, that changes of the complex upon binding
different DNA sequences are not significantly detected. At site 197 the spin-labeled site is so
restricted (from the immobilization of the spin label due to interactions with local side chains and
the DNA), that changes in the dynamics upon binding different sequences of DNA are

significant and detectable.

3.5.2 Origin of the Immobile Component in the Arm and Main Domain

The origin of the different components in the EcCORI-DNA spectra could arise from different
rotamers of the spin label.(90-91) However, it could also arise from different conformations of
the EcoRI-DNA complex in solution. Hubbell and coworkers have recently demonstrated that
the two possibilities can be distinguished using osmolytes and high pressure.(144-146) This is a
matter of future research. However, 60 ns molecular dynamics (MD) simulations of the spin-
labeled specific ECORI-DNA complex indicate that the spin labels at sites 131, 180, 197, and 249
sample a variety of orientations. Figure 3-13 shows a snapshot from one of the simulations for
each of the spin-labeled sites. The snapshots are shown for every 20 ps of a 3 ns trajectory. It
can be seen from these snapshots that the spin label samples a wide variety of local
environments. However, the simulations show no indication of two distinct orientations that
might give rise to the two components observed in the CW spectra. It should be noted, however,
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Figure 3-13. Snapshots of the MD simulations of the specific EcCoORI-DNA complex with

spin labels located at 131, 180 and 249, and 197. A side-view of the 180-249 system is shown.
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that these simulations were performed at 300 K. Although no distinct groups of conformers are
resolved at this temperature, this may not be the case as the temperature is decreased.

The trend of an increased population of the immobile component in the noncognate
complexes at the surface accessible spin-labeled sites could be due to a conformational exchange
within each of the three complexes. Being that the immobile component was more highly
populated in the noncognate complexes, these complexes may sample a larger number of
conformational substates than the specific complex. This conformational exchange may also be
reflected in the increase in the standard deviation of the noncognate distance distributions from
the DEER experiment.

In summary, measuring the dynamics and order of different spin-labeled sites in the
EcoRI-DNA complex has shed light on the localized region of interest for probing the
conformational-vibrational changes that occur between the different ECORI complexes. Indeed,
the changes observed in both the X- and W-band spectra at the protein-DNA interface (site 197),
indicates that this region is most sensitive to the changes that occur between the protein-DNA
complexes. This work demonstrates that sensitivity to the changes between complexes may lie

in the intrinsic dynamics of the spin label and the backbone at the spin-labeled site.
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4.0 MEASURING CU*-NITROXIDE DISTANCES USING DOUBLE ELECTRON-

ELECTRON RESONANCE AND SATURATION RECOVERY

41  ABSTRACT

In this work, distance measurements were obtained between a bound Cu®* and a spin label on
two polypeptides of differing length. The distance measurements were performed using both the
double electron-electron resonance (DEER) and saturation recovery experiments. Distance
distributions obtained from the DEER results provided the average distance and distribution of
distances for each peptide. An average distance was also obtained for each peptide using the
relaxation-based saturation recovery experiment. Predicted average distances for the relaxation-
based method, <resg>, were calculated using the distance distributions from the DEER
experiment. The predicted <rgsg> values were found to be similar to the average distances
measured by saturation recovery, both of which were biased to shorter values compared to the
DEER results. The standard deviations of the distance distributions were found to have a
significant effect on the average distance measured by saturation recovery. This work highlights
the advantage of using the DEER experiment to measure metal-nitroxide distances in that the

average distances measured are less biased than in relaxation-based techniques.

116



4.2 INTRODUCTION

Recently, Cu®* has been highly investigated by electron spin resonance (ESR) due to its
importance in the folding/misfolding of many peptides. It has been suggested, through ESR
studies, that Cu®* plays a role in the structure and aggregation of several amyloid-forming
peptides such as AP (147-151), a-synuclein (152-153), tau (154), amylin (155) and the prion
protein.(156-158) Additionally, the inhibitory effect of Cu** on ligand-gated ion channels such
as the glycine receptor has been probed. The role that Cu®* plays as an enzymatic cofactor has
also been investigated using ESR. (159-164)

Cu?*-Cu®* distance constraints have been utilized to pinpoint metal binding sites in a
protein-DNA complex.(165) This was done using Cu®*-Cu®" distance measurements based on
the double electron-electron resonance (DEER) experiment.(5, 8, 166-171) Cu®*-nitroxide
measurements are possible as well, where the distance between a Cu**-bound center and a spin-
labeled site is measured.(167, 169, 172-173) The presence of the nitroxide spin label is
advantageous because it enables several distance measurements to be made as the spin-labeled
site can be altered. A limitation of this method, however, is that the spin-labeled site must not
perturb the structure or function of the system.

Relaxation-based experiments, such as inversion or saturation recovery, can also be used
to measure distances between a metal center and spin label. In these experiments, the relaxation
rate of the slower relaxing spin (spin label) is enhanced by the faster relaxing spin (metal) to
which it is coupled.(13) This affect is exploited to measure the average distance between the two
electron spins. This distance measurement technique may prove beneficial in metal-binding
systems where the ESR signal of the metal is broader and thus weaker. In the past several years,

saturation recovery experiments have been primarily used to measure distances in Fe-containing
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systems.(81-85) However, as pointed out previously, there are many biologically relevant
systems that bind Cu?*, making the use of saturation recovery experiments in these systems of
interest.

The DEER experiment is advantageous in that it not only provides an average distance
between the electron spins, but a distance distribution can also be measured from the
experimental results. These distributions provide insight into the mobility of the system based
on the broadness of the distribution, as well as show any bias in the distribution towards shorter
or longer distances. Indeed previous works on model peptide systems have shown the DEER
experiment to be sensitive to the change in length as well as flexibility of the peptide.(66-67) In
the case of relaxation-based experiments, only the average distance between the two coupled
spins is measured. Additionally, the average distance is likely to be biased towards shorter
distances as the relaxation-based distance measurements go as r®(174) Therefore, it is of
interest to compare the DEER and saturation recovery techniques to probe the affect the distance
distribution has on the average distance measured by the saturation recovery experiment. Also,
the applicability of a Cu**-based saturation recovery experiment versus the DEER experiment
should be investigated for distances longer than 20 A.

In this work, two polyalanine peptides (3AK and 4AK) were constructed with a Cu®*-
binding center (PHGGGW) and a spin-labeled residue on each peptide. The two peptides
differed by the number of residues separating the bound Cu** and the spin label. Distance
measurements were performed on the peptides using the DEER and saturation recovery
experiments at low temperatures. A comparison was made between the two methods on the
average distances obtained for the two peptides. Also, the effect of the distance distribution on

the average distance obtained by the relaxation-based technique was assessed.
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4.3 METHODS

4.3.1 Sample Preparation

Two polyalanine peptides: PPHGGGWPXXXCXA (3AK) and PHGGGWPXXXXCXA (4AK)
where X=AAAAK, were synthesized, spin-labeled, and purified at the University of Pittsburgh
peptide synthesis facility. In these peptides the PHGGGW sequence is a Cu®** binding site.(157-
158) In both peptides the methanethiosulfonate spin label was covalently attached to the
cysteine residue using site-directed spin labeling.

For the DEER experiments 1-1.5 mM solutions of each peptide was prepared in 30 mM
N-Ethylmaleimide (NEM) buffer. An excess of isotopically enriched ®*CuCl, was added to the
solutions for a 3:1 Cu?*:peptide ratio to ensure sufficient binding of the Cu**. Saturation
recovery experiments samples were prepared in a buffer of 10 mM KCI and 25 mM NEM
solution at pH 7.6 resulting in a peptide concentration of 1 mM. The relaxation experiments
were performed in the presence and absence of coordinated Cu®*. In the absence of Cu?*, Zn**
was bound to provide a diamagnetic metal-bound peptide complex. In each case a 3 molar
excess of *CuCl, or ZnCl, was added to each of the samples. The samples were degassed to 5.5
x 10 Torr and flame sealed in quartz 3 mm (O.D.) tubes. The DEER and saturation recovery

samples were prepared in 30% glycerol to form a glass upon freezing.

4.3.2 ESR Spectroscopy

All ESR experiments were performed on a Bruker EleXsys CW/FT X-band ESR spectrometer

using both the Bruker MD5 (DEER and saturation recovery) or MS3 (saturation recovery)
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resonators. Temperatures were maintained using an Oxford ITC 503 temperature controller and
CF935 dynamic continuous flow cryostat. Liquid helium was used to maintain temperatures
below 80 K while liquid nitrogen was used for experiments at 80 K.

DEER experiments were performed at 20 K using the four-pulse sequence: (w/2),1-T1-
(1) v1-T-(1)y2-T2-(m)y1-T2. The observer (n/2),; and (m),; pulses were 8 and 16 ns respectively, and
the pump (m).» pulse was 12 ns for both peptide samples. A step size of 8 ns was used and the
integrated echo intensity was collected for 256 points. A two-step phase cycling (+x, -x) was
carried out on the first w/2 pulse. Proton modulation was averaged by adding traces at four
different t; values, starting at 160 ns and incrementing by 18 ns. The pump pulse began 40 ns
before the echo so the zero time could accurately be determined. The pump pulse was located at
the maximum of the nitroxide spectrum with the observer pulse applied at three different
frequency offsets in the Cu?* spectrum of 280, 364, and 448 MHz higher.

Echo-based saturation recovery experiments were performed at 80 K. A picket fence
pulse sequence was used to detect the nitroxide Ti: 7/2-11-1/2-11-1/2-T2-1/2-To-1, With 4 ns 7/2
and 8 ns & pulse lengths. A pulse separation of 40 ns was used for t; and 300 ns for 7,. The
echo-forming pulses were stepped out by 10000 ns for 256 points. The 3AK Cu®* Ty, values
were measured using the echo decay experiment. The /2 and © pulses were 32 and 64 ns in
length, respectively, to reduce the ESEEM contribution to the decay. A 32 ns step size was used
and the decay was collected for 128 points. The recovery and echo decay signals were fit using

the curve fitting toolbox in Matlab (The Mathworks Inc.).
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44  RESULTS

4.4.1 Double Electron-Electron Resonance Experiments

Cu?*-nitroxide distance measurements were performed on the two polyalanine peptides, 3AK
and 4AK, using the DEER experiment. Short pulses were used in the experiment to increase the
excitation bandwidth and thus reduce the orientational effects from Cu®*. To verify that the
orientational effects were sufficiently reduced, three DEER experiments were performed for each
peptide with the observer pulse positioned at three different frequency offsets from the pump
pulse. In each experiment, the pump pulse was applied at the center of the nitroxide spectrum.
The observer pulse was applied at different magnetic fields in the Cu** spectrum for the three
experiments.

The raw DEER data is shown in Figure 4-1A for both 3AK (top) and 4AK (bottom). For
the 3AK peptide, the background subtracted time domain signals possess nearly identical
modulation frequencies irrespective of the frequency offset. Similar results are seen for the 4AK
sample (Figure 4-1B). As expected, the modulation depth decreases as the observer pulse is
positioned further into the g; region of the Cu?* spectrum. The modulation depth of the 280
MHz offset data was 0.86 while the 448 MHz offset data possessed a modulation depth of only
0.95. This is due to a smaller population of spins being excited by the observer pulse in the g

region of the Cu?* spectrum.
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Figure 4-1. Cu**-nitroxide DEER data collected for 3AK and 4AK at three different
frequency offsets of the observer and pump pulse: 280 MHz (blue), 364 MHz (orange), 448 MHz
(green). A. Raw DEER data. B. Background subtracted time domain signals; background
subtraction was done using DeerAnalysis2009. C. Distance distributions were constructed using

the Tikhonov regularization method.
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The orientational selectivity of these experiments is expected to be low due to the
inherent mobility of Cu** as well as the spin label.(167, 169) Indeed, Cu?*-nitroxide 3AK DEER
simulations, based on the model developed by Yang et al., show little orientational selectivity.
These simulations (red dashed line) are shown in Figure 4-2 where they are compared to the
experimental time domain data (black solid line). Starting with the same relative orientation of
the Cu** and nitroxide g-tensors, the best fits were achieved using similar average distance and
standard deviation values for all frequency offsets.

The Cu?-nitroxide distance distributions were extracted using the Tikhonov
regularization approach in DeerAnalysis2009, shown in Figure 4-1C.(80) As expected for
experiments lacking orientational effects, similar distance distributions were obtained at each of
the frequency offsets for 3AK results as well as for the 4AK results. The 280 MHz frequency
offset DEER data was used for further analysis due to the higher signal to noise ratio achieved in
this experiment (observer pulse position at the maximum of the Cu?* spectrum or the g, region).
The best fit for the 3AK time domain signal yielded a distance distribution with an average
distance of 29 A and standard deviation of 6 A. The 4AK distance distribution possessed a
longer average distance (34 A) and significantly broader distribution (standard deviation = 8 A).
The increase in average distance and distribution reflects the increased length and flexibility of
the longer 4AK peptide chain. The distance increase between 3AK and 4AK is consistent with

the expected pitch of an a-helix (5.4 A).(175)
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Figure 4-2. Cu?*-nitroxide DEER simulations (red dashed line) for the 3AK peptide
based on the model developed by Yang et al. The data were simulated using the same
orientation between the g-tensors of the Cu** and spin label. The best fits were achieved at each

frequency offset using similar average distances (r) and standard deviations (o).
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4.4.2 Saturation Recovery Experiments

Saturation recovery experiments were also performed on the two polypeptides to measure the
difference in the nitroxide Ty with Cu®* and without Cu**. Several mechanisms contribute to the
nitroxide Ti. These include spin-rotation interactions, electron-nuclear dipolar interactions, spin
diffusion, and Heisenberg spin exchange.(176) In the presence of Cu?* the electron-electron
dipolar interaction provides yet another mechanism. If the contributions to T; from the former
mechanisms are the same in the absence and presence of Cu?*, the difference in Ty and T1 is a
measure of the electron-electron dipolar interaction. The contribution to this electron-electron
dipolar relaxation can arise from the fast relaxation of the Cu?* or the global tumbling of the
peptide. The saturation recovery experiments were performed at low temperatures, therefore the
contribution of global tumbling to the nitroxide T is negligible. Thus, the major contributor to
the relaxation of the spin label is from the fast relaxation of the Cu?*. Lastly, the binding site of
the diamagnetic Zn** is believed to be the same as that of the Cu?*.

The average distance, r, between the bound Cu?* and spin label may be obtained using

the Bloembergen theory as modified by Kulikov and Likhtenshtein (9-12):
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where r is the average Cu®*-nitroxide interspin distance, and f and s represent the Cu** and
nitroxide electron spins, respectively. Tisand Ta represent the nitroxide longitudinal relaxation
in the presence and absence of Cu?*, respectively. The parameters Ty and T are the
longitudinal and transverse relaxation rates of the Cu?* electron spin. The values of g; and gs,
which represent the Cu®* and nitroxide electron spin isotropic g values, are 2.1166 and 2.0061,
respectively.(174) The resonant frequencies for Cu®* and nitroxide are represented by of and ws.
Finally, B. is the Bohr magneton, h is the reduced Planck constant, and 0 is the angle between the
interspin vector and the external magnetic field.

It has been shown previously that if the following inequalities hold true (84, 177):

0?T3  (og + ;) TS ,and (0, — w; )?T4 >> 1 and (1—g—f)2 <«<1
S

the B-term in equation (4-1) will dominate. If the Tis and T1s° values are measured at the center
of the nitroxide spectrum, where many orientations contribute to the signal, equation (4-1) can be

rewritten as:

2.2 4 -1
<r6 — gsgfzﬂe 1 ~ i_io (4_2)
107 (@5 — ¢ ) Tys T Tis

By using this equation, only the Cu?* Ty values are needed to solve for the average distance.
This reduces the error in the average distance determination as any error in the Ty value is
eliminated.

To provide an estimate of Ty, echo decay experiments were performed on the 3AK
peptide at 80 K to measure the Cu?* Tn,. The echo decays were fit using a stretched exponential

(23):
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I(t) = 1(0)exp[-(2t/T,)*] (4-3)

where x depends on the rate and mechanism of the dephasing process. In fitting the decays the
exponent x was allowed to vary, however, fits were achieved with x = 0.9-1.3, indicative of
instantaneous diffusion dominating the dephasing mechanism.(13) Using the Cu®** Ty, value to
calculate the Cu?*-nitroxide distance may introduce error into the distance measurement.
However it provides an upper estimate of the average distance as Tp, is typically smaller than
T2:.(13)

Nitroxide saturation recovery curves were collected in the presence of Cu?* or Zn*" at 80 K.
These curves are shown in Figure 4-3 where the curve in the presence of Cu®* is shown in black
and in the presence of Zn?* in gray. The Ty, and T:1< values were obtained by fitting these curves
to a biexponential function. These values were then used to calculate the average Cu®*-nitroxide
distance using equation (4-2). The average distance for the 3AK and 4AK peptides was found to
be 21 +1 A and 26 + 1A, respectively. The error in the average distances is due to error in the

fits to the recovery curves.

45  DISCUSSION

In this work, distance measurements were performed on two polyalanine peptides of differing
length (3AK and 4AK) using both the DEER and saturation recovery techniques. DEER

experiments provide distance distributions from which the average distance and standard
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Figure 4-3. Nitroxide saturation recovery curves for the 3AK and 4AK peptides. The
recovery curves collected in the presence of Cu®" and Zn** are shown in black and gray,

respectively.
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deviation can be obtained. On the other hand, saturation recovery experiments only provide an
average distance. This average distance may be biased towards shorter distances compared to
the DEER results due to the r® nature of the relaxation-based measurements. The goal of this
work was to compare the average distance obtained for the two peptides using both the DEER
and saturation recovery methods. In addition, the effect of the distance distribution on the
average distance obtained from the saturation recovery experiment was assessed.

Using a shorter version of the polyalanine peptide (2AK - shorter by one AAAAK
sequence of amino acids, or one helical turn) distance measurements were performed
previously.(167, 174) In the work of Jun et al. the average distance between the Cu** and spin
label was determined using inversion recovery experiments at room temperature. The average
distance from this work was found to be 25 A. This average peptide distance agreed with the
distance measured from molecular dynamics simulations.(174) Work by Yang et al. used the
DEER experiment to measure the distance between the bound Cu®* and the spin label. In this
case an average distance of 27 A was obtained, indicating a bias of the relaxation-based
measurements towards shorter distances.(167) Taken together these works demonstrate the need
for comparing the average distances measured using DEER and relaxation-based techniques for
peptides of differing lengths.

Based on the r® dependence of relaxation-based experiments, we can expect the average
distance to be biased to shorter distances. Using equation (1), the change in 1/T1s upon addition
of Cu?* can be calculated for different r values in a distance distribution, P(r). The expected
average distance, <rgsg>, can then be calculated using the following equations:

_9:gis 1 (4-4)
107° (@4 _ws)zTZf

129



s k1 1 %
Moy > = Ko Hz P(r) [r—6+T—OJ} _T_O} (4-5)

where P(r) is the distance distribution obtained from the DEER experiment.(174)

<resg> was calculated from the 3AK and 4AK distance distributions (280 MHz offset),
using the Tr, value for 3AK and the T:< values for 3AK and 4AK at 80K. The value of <rgsg>
was calculated to be 22 A for the 3AK peptide, and 24 A for 4AK. Both values are less than the
average distances measured in the DEER experiment: 29 A for 3AK and 34 A for 4AK. Figure
4-4 shows the distance distributions for 3AK and 4AK as well as their respective predicted
<rgsr> Values (filled circles). The 4AK <regsg> value is similar to that of 3AK, although the
average distance for these two peptides differed significantly in the DEER distributions. The
reason for this is due to the larger standard deviation of the 4AK DEER distance distribution.
Due to the r® nature of relaxation-based measurements favoring shorter distances, broader
distance distributions will shift the <rgsg> to shorter distances.

Also shown in Figure 4-4 are the average distances measured for 3AK and 4AK using the
saturation recovery experiment (open circles). As expected, these values are similar to <rgsg>
and shorter than the average distances measured in the DEER experiment. There is a significant
difference between the average distance measured for 3AK versus 4AK using the saturation
recovery experiment. Indeed, the percent change of the recovery curves was 38% and 11% for
the 3AK and 4AK peptides, respectively. However, the distance distribution has a strong effect
on the average distance measured by saturation recovery. As the distribution becomes broader,

the measured average distances become smaller, increasing the error of the measurement.
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Figure 4-4. Distance distributions from the 280 MHz offset DEER data collected for
3AK (orange) and 4AK (blue). The distributions were used to calculate the expected average
distance, <rgsg>, for the relaxation-based measurements (filled circles). The average distances

obtained from the saturation recovery experiments are also shown (open circles).
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46  CONCLUSIONS

In this work we have shown that the average distance obtained by saturation recovery
measurements is significantly affected by the distance distribution. As the standard deviation of
the distribution increases, the average distance shifts to shorter distances. Due to this effect, the
accuracy and precision of the relaxation-based experiments is reduced. This work has shown
that the DEER experiment provides the most reliable results for a Cu**-coordinated system. This

is particularly true for Cu®*-nitroxide systems where the orientational effects are negligible.
p y
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5.0 OVERVIEW OF MAJOR ACHIEVEMENTS

EcoRI has been the subject of extensive genetic, biochemical, and biophysical research.
Thermodynamic profiles (AG®, AH®, TAS®, AC,°) differ for each EcoRI complex: specific,
miscognate, and nonspecific. In order to better understand the binding affinity of EcoRI towards
its specific sequence the structure and dynamics of these three classes of complexes must be
understood.

The arm region of EcoRl is believed to play a major role in the binding specificity of the
enzyme due to key contacts that are made between this region and the DNA. Although it is
known how the binding affinity and contacts differ between the three complexes, there is little to
no structural information on the miscognate and nonspecific complexes. For this reason,
previous work by Stone et al. was performed to obtain distance constraints in the arm region of
the EcoRI bound to the different sequences of DNA. Through this work they found that the arms
enfold the DNA similarly in the three complexes. In addition, the noncognate complexes
showed broader distance distributions indicating an increase in mobility of the arms in these
complexes.

To gain biologically relevant information from these distance measurements, further
details about the side chain packing and orientations of the spin label is needed. For this reason,
parallel MD simulations were performed on the specific ECORI-DNA complex at the spin-labeled

sites which were measured in the DEER experiments. Using correlated distance constraints to
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validate the simulations, preferred orientations of the spin label present on an a-helix and a -
strand were determined. In addition, the C,-C, distance distributions were obtained from the
simulation providing insight into the changes of the backbone dynamics at each of the spin-
labeled sites. This work provided insight into the preferred conformations of the spin label at
different secondary structures. This is particularly important for the spin-labeled sites on f-
strand structures as less is known about the behavior of the spin label at these sites. It also
highlighted the significance of using correlated distance constraints to compare simulated results
to experiment. By identifying the preferred conformers at these spin-labeled sites, the
contribution of spin label flexibility and length to the distance distribution measured by the
DEER experiment can be delineated. In this way, the C,-C, distance distribution can be
estimated. This would be beneficial not only for resolving the backbone distances in the specific
complex, but also to compare to the distances measured in the miscognate and nonspecific
complexes.

In addition to obtaining structural constraints, we were interested in probing the change in
dynamics and order between the three EcoRI complexes. In particular, it was of interest to probe
the region which is sensitive to the changes between the complexes as has been shown through
thermodynamic profiles. The noncognate complexes are believed to form looser protein-DNA
complexes. Indeed, the DEER results indicated that the arm region of EcoRI may possess higher
mobility or span more conformational states in the noncognate complexes compared to the
specific complex. Room temperature CW spectra were collected on various spin-labeled sites in
the arm region and one in the main domain of EcoRlI in the specific, miscognate, and nonspecific
complex. Quantitative analysis through simulation found that the site labeled at the protein-

DNA interface was most sensitive to the changes in dynamics and order between the three
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complexes. Spin-labeled sites further from the DNA showed little difference in the dynamics
between the three complexes. This work contributes not only to the understanding of site-
specific changes in the classes of the EcoRI complex, but provides insight into the behavior of
spin-labeled sites for protein-DNA complexes as a whole.

In the future this project could explore several avenues. MD simulation of the
miscognate and nonspecific complexes would shed light on possible changes of the protein-DNA
interface using the distance distributions obtained from the DEER experiment to validate the
simulated results. Additionally, it would be interesting to observe the change in distance
constraints and dynamics and order of the spin-labeled sites highlighted in this thesis when a
promiscuous mutation is also present in EcoRI. Promiscuous mutants have been found to bind to
miscognate sites more readily than wild-type EcoRI. It would be interesting to see the change in
the arm orientation and backbone mobility for these mutants. Lastly, there are several classes of
other restriction endonucleases that are of interest such as ECORV and BamHI that would be
interesting to study and compare to the trends observed in the EcoRI system using ESR.

In addition to this research we have helped other researchers by providing meaningful

ESR data. The published and submitted papers are listed below.

List of Papers

Stone, K. M., Townsend, J. E., Sarver, J., Sapienza, P. J., Saxena, S., and Jen-Jacobson, L.
(2008) Electron spin resonance shows common structural features for different classes of EcoRI-

DNA complexes, Angew Chem, Int Ed, 47, 10192-10194.
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