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ABSTRACT: We have developed the microscopic-order-
macroscopic-disorder (MOMD) approach for studying
internal mobility in polycrystalline proteins with *H lineshape
analysis. The motion itself is expressed by a diffusion tensor,
R, the local spatial restraints by a potential, u, and the “local
geometry” by the relative orientation of the model-related and
nuclear magnetic resonance-related tensors. Here, we apply
MOMD to phenyl-ring dynamics in several Af,-amyloid-
fibrils, and the villin headpiece subdomain (HP36). Because
the available data are limited in extent and sensitivity, we
adjust u and R in the relevant parameter ranges, fixing the
“local geometry” in accordance with standard stereochemistry.
This yields a physically well-defined and consistent picture of
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phenyl-ring dynamics, enabling comparison between different systems. In the temperature range of 278—308 K, u has a strength
of (1.7—1.8) kT and a rhombicity of (2.4—2.6) kT, and R has components of 5.0 X 10* < R; <2.0 X 10> s™" and 6.3 X 10° <
R;<2.0X 10°s™". At 278 K, fibril hydration increases the axiality of both u and R; HP36 hydration has a similar effect at 295 K,
reducing R, considerably. The D23N mutation slows down the motion of the probe; Af,, polymorphism affects both this
motion and the related local potential. The present study identifies the impact of various factors on phenyl-ring mobility in
amyloid fibrils and globular proteins; the difference between the two protein forms is considerable. The distinctive impact of
hydration on phenyl-ring motion and previously studied methyl-group motion is also examined. The *H lineshapes considered
here were analyzed previously with various multi-simple-mode (MSM) models, where several simple motional modes are
combined. The MOMD and MSM interpretations differ in essence.

1. INTRODUCTION

Nuclear magnetic resonance (NMR) lineshape analysis is a
powerful method for studying structural dynamics in the solid
state.'~® The motions investigated are typically of the internal
restricted type, reflecting molecular flexibility.” ' Deuterium
is a particularly useful NMR nucleus in this context. The
methyl-moiety, C—CDj;, and the methylene bond, C—D, were
used in early work to obtain information on the flexibility of
small organic molecules, peptides, and even proteins.”>>° The
dynamic models utilized consisted of relatively simple jump-
type modes, adapted to each specific case studied.'~® Later on,
more elaborate models, based on the solution of simple
stochastic Liouville equations (SLEs), were developed.'"'?
However, except for a few simple cases, it was necessary to
combine several simple dynamic modes, taken independently,
in order to obtain good statistics in fitting the experimental
data."'~"* We call this the multi-simple-mode (MSM) method.
Different authors conceive of different simple motions; hence,
the MSM models are diverse, rendering comparison difficult.
Improvement can only be accomplished by including yet
another dynamic mode; this changes the overall MSM model.
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Independence of the individual modes is assumed but might
not be valid.

No model can be proven to be unique. However, one can
conceive of a consistent and reasonably general approach. The
very anisotropic reorientation (VAR) model for treating
internal motions in macromolecules was developed in early
work.'"* VAR features a single diffusive motion about a tilted
(in the magnetic tensor frame) internal axis. Among other
probes, VAR was applied to deuterium.”” This model is
consistent but limited, as it ignores the local spatial restraints.

Recently, we developed the microscopic-order-macroscopic-
disorder (MOMD) approach, originally formulated for ESR
applications,'® for the analysis of ?H lineshapes from
polycrystalline proteins and other molecules.”’~>° MOMD is
based on the SLE developed by Freed and co-workers for
treating locally restricted motions.”"* It is more general than
the models noted above. All of the major factors—type of
motion, spatial restraints, and local geometry—are treated for
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the entire motional range within their rigorous three-
dimensional tensorial requirements. The motion itself is
expressed by a diffusion tensor, R, and the spatial restraints
by a (dimensionless) potential u. Rigorously, u is expanded in
the full basis set of the Wigner rotation matrix elements. This
expansion is truncated in accordance with the symmetry of the
system and data sensitivity. One can “tailor”” u so that on the
whole, a jump-type scenario emerges.”> A local ordering tensor
may be defined in terms of u;*” thus, the local spatial restraints
may be expressed in terms of order parameters, in addition to
potential coeflicients. The local geometry is given by the
relative orientation of the model-related and NMR-related
tensors. MOMD largely overcomes the MSM-related problems
outlined above.

In the past, we applied MOMD to solid-state methyl-moiety
and methylene dynamics."’~*° Among others, we treated quite
extensive and sensitive sets of “H lineshapes from the villin
headpiece subdomain (HP36)'” and several Ap,y-amyloid-
fibril variants.”® All of these spectra had been analyzed
previously with MSM models (cf. refs 17 and 20 for details).
The current version of MOMD describes methyl dynamics in
terms of an axial diffusion tensor, a rhombic potential, and
adjustable features of local geometry.'””* MOMD and MSM
yield different pictures of structural dynamics.'”*°

In this study, we apply MOMD to phenyl-ring dynamics in
the villin headpiece subdomain (HP36), and the same Af,y-
amyloid-fibril variants studied previously within the scope of
methyl dynamics. Compared with the methyl-moiety data we
used previously,'””" the phenyl-ring data we are using
currently’™ are (for practical reasons) considerably more
limited in extent. In addition, as the actual values of the rate
constants reside in parameter ranges close to the extremes of
the time window (see below), data sensitivity is limited. These
data were analyzed previously with MSM models.”*** The
authors of refs 24 and 25 aimed at precise reproduction of the
experimental lineshapes. To accomplish this, two (for the
fibrils)>* and three (for HP36)** dynamic modes were
combined within the scope of various assumptions; distribu-
tions in the pertinent activation energies, E,, constituted the
essence of the interpretation; mean E, values were used to
parametrize the local potential.”

We devised an analysis strategy that takes into account data
paucity and limited data sensitivity. Given these circumstances,
the objective has been set to capture the key features of
phenyl-ring dynamics and describe them in terms of the
physically well-defined MOMD parameters. As shown below,
this can be accomplished by reproducing the key features of
the experimental *H lineshapes.

Internal phenyl- and tyrosyl-ring dynamics in proteins is a
puzzling phenomenon. It was detected in early work and
interpreted in terms of z-flips around the C/—C¢ axis*® (Figure
1). Such motion requires the transient creation of a large
activated free volume in the tightly packed protein core. A
recent study found that in ubiquitin, this motion is diffusive
above 312 K.*” Such motion does not require drastic structural
changes in the protein core. It is likely to be quite general in
nature; its belated detection’” is probably related to
preferences for multimode and/or multicomponent analgrses
when 7z-flips alone fail to reproduce the experimental data.”*~>*

In MOMD, the motion is inherently diffusive but with a
restrictive potential. The local potential can be devised—by
lowering its symmetry—so as to describe with reasonablgr good
approximation compact protein-core environments.' " I

8676

CBo

Figure 1. Phenyl-ring schematic; depicted are the principal axes of the
motionally-averaged *H quadrupole tensor yielded by very fast z-flips
around the C/—C¢ axis.*®

previous work, we developed strategies for ascertaining that
the data analyzed are not over-interpreted.”* Thus, MOMD is
expected to be particularly useful for studying phenyl- and
tyrosyl-ring dynamics in proteins.

The villin headpiece subdomain is a 35-residue autono-
mously folding motif comprising the extreme C-terminus of
villin,” a F-actin bundling protein.*® The structure of HP36
consists of three short helices surrounding a tightly packed
hydrophobic core®”** (Figure 2). Better understanding the
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Figure 2. Ribbon diagram of the chicken villin headpiece subdomain
(HP36).>> The side-chains of the phenyl-ring-bearing residues F51
and FS$8, treated in this study, are depicted in red. The side-chains of
the methyl-bearing residues L61, L69 and L7S (green), and VSO
(purple), studied previously,”® are depicted.

properties of the protein core, which plays a major role in
protein stability, folding, and biological function, is important.
The core of HP36 comprises the sidechains of residues FS1
and FS8, the aromatic rings of which were selectively
deuterated.”* The respective “H lineshapes, acquired at 295
K, were analyzed previously with an MSM model;** they are
analyzed here with MOMD.

The Apf,-amyloid fibrils (“40” stands for the number of
residues in the peptide) and associated aggregates are key
molecular manifestations of the devastating Alzheimer’s
disease.”” ™" To aid in developing effective preventive and
therapeutic agents, as yet unavailable, it is important to acquire
better information on structural and dynamic properties of
these fibrils. We study here hydrated 2-fold symmetric striated-
ribbon (Figure 3a) and 3-fold symmetric twisted (Figure 3b)
polymorphs of the wild-type (WT) Af,, peptide™ " and the
protofibrils of its D23N mutant™® (Figure 3c). The two former
fibril variants are denoted 2fw and 3fw when hydrated and 2fd
and 3fd when dry. The aromatic ring of the side chain of
residue F19 in all three variants was selectively deuterated.”

DOI: 10.1021/acs.jpch.8b06330
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Figure 3. Atomic representations of the 3-fold-symmetric Af,, fibril
(part a), and the 2-fold-symmetric fibril (part b), viewed down the
fibril axis. Hydrophobic, polar, negatively-charged and positively-
charged amino-acid side-chains are green, magenta, red and blue,
respectively. Backbone nitrogen and carbonyl-oxygen atoms are cyan
and pink, respectively. The unstructured N-terminal residues 1—8 are
omitted.* Atomic representations of the protofibril of the D23N
mutant viewed down the fibril axis. All the non-hydrogen atoms of
residues 15—40 are depicted. The central-pair of a 4-pair-containing
structure is shown (part c).46

’H lineshapes, acquired at 278, 295, and 308 K, were analyzed
previously with an MSM model;** they are analyzed here with
MOMD.

Consistent MOMD analyses of structural dynamics are
presented for all of the phenyl-ring systems studied, elucidating
the impact of key factors. New information emerges from
comparison of different systems, in particular between Af,,
fibrils and HP36, and from connection with the previously
derived MOMD picture of methyl-moiety dynamics.*’

A theoretical summary is provided in section 2, results and
discussion are presented in section 3, and our conclusions
appear in section 4.

2. THEORETICAL SUMMARY

The MOMD theory as applied to NMR has been delineated
previously.177 ® For convenience, its basics are given below.
Figure 4 shows the MOMD frame scheme for a deuterium
nucleus. L is the space-fixed laboratory frame. C is the local
director frame fixed in the molecule. M denotes the principal
axis system (PAS) of the local ordering tensor, S, taken the
same (for simplicity) as the PAS of the local diffusion tensor,
R. Q denotes the PAS of the quadrupolar tensor. The M and Q
frames are fixed in the probe.

The Euler angles Q) (associated with the orientation and
diffusion of the probe relative to the local director) are time-
dependent. The Euler angles Qg = (ayq, Puqy 7amq) are time-
independent. Given that the Q_frame is axially symmetric, one
has yyq = 0. For simplicity, the angle ayq is set equal to zero.
Thus, the orientation of Zy (main ordering/diffusion axis)
relative to Zq (the principal axis of the effective quadrupolar
tensor) is given by the polar angle, ff\;q. Because there is no
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Figure 4. MOMD frames: L—lab frame, C—local director frame,
M—local ordering/local diffusion frame, Q-—quadrupolar tensor
frame. The Euler angles depicted in red are time-dependent; the Euler
angles depicted in blue are time-independent; the Euler angles
depicted in black are distributed in space at random.

“macroscopic order”, one has to calculate *H spectra for a large
enough number of €. values and sum the emerging
lineshapes according to a random distribution.'>'”

The SLE for a rigid particle diffusing in anisotropic medium
with director parallel to the external magnetic field is given

byZI
(%)p(g, t) = [-iH(Q)* — Topl(Q, t),

with ToR(Q) = 0 (1)
H(Q)* is the superoperator for the orientation-dependent
spin Hamiltonian. I'q is a Markovian operator for the
rotational reorientation of the spin-bearing moiety (probe),
with the Euler angles Q — (a, f, v) (Qcy in the notation
above) representing the orientational angles. Py(£2) represents
the unique equilibrium probability distribution.
A simple form of the diffusion operator, I'g, is*!

— Ty = RVP(Q, t)

— (R/kT)(sin B)'0/9f[sin PTP(Q, t)] (2)

where R is the isotropic rotational diffusion rate, V* is the
rotational diffusion operator in the Euler angles, ©Q, and T is
the restoring torque. The latter is equal to du/dp for an axial
restoring potential, for example, u = —3/2 ¢§(cos f)* (u is
given in units of kT). The expression of ' for rhombic
diffusion tensor and rhombic potential is given in ref 22.

In this study, we are using an axial diffusion tensor, R,
yielding in the absence of any restricting potential three decay
rates, 7' = 6R; + K*(R; — R,), where K =0, 1, and 2 (K is
the order of the rank 2 diffusion tensor). R and R, are the
principal values of R; one may also define 7 = 1/(6R;) and 7,
=1/(6R,).**

For a uniaxial local director, one may expand the potential in
the complete basis set of the Wigner rotation matrix elements
with M = 0, D§(Qcpp). One has™

co +L

u(Qcy) = _Z Z CIIED&K(QCM)

L=1 K=-L

(3)

with ck being dimensionless. If only the lowest, L = 2, terms are
preserved, one obtains the real potential**

DOI: 10.1021/acs.jpch.8b06330
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u(Qey) ~ _Cng,O(QCM) -

+ D _,(Qcp)]

sz[Dg,z(QCM)

(4)

with ¢ evaluatmg the strength of the potential, and ¢ its
rhombicity.”* This form of u(Qcy) is used herein.
Local order parameters are defined as™*

(Dg,K(QCM)) = /dQCMDg,K(QCM) eXp[_u(QCM)]

/ f dQy expl—4(Qey)] (s)

For at least three-fold symmetry around the local director, C,
and at least two-fold symmetry around the principal axis of the
local ordering tensor, Zy, only S§ = (DOO(QCM)) and S; =
(D3,(Qcp) + D3 _»(Qcy)) survive.”” The Saupe order
parameters relate to irreducible tensor components, S§ and
Syas S, =(3/28 - 55)/2, S, = —(3/287+ 55)/2 and S, = S5,

The ordering tensor, S, with principal values defined by eq 5,
also has a specific orientation. To determine it, one includes in
the analysis the transformation of its PAS, taken for
convenience to be the same as the PAS of the local diffusion
tensor, into the (known) PAS of the *H quadrupolar tensor.
For rhombic potentials and a uniaxial local director the
respective Wigner rotation features the Euler angles
Qg = (g Pug 0). With ayq set equal to zero (see
above), the angle fyq, called “diffusion tilt”, expresses the
orientation of the S tensor with respect to the Q tensor.

K=0,2

3. RESULTS AND DISCUSSION
3.1. General Assessments.

(a) In all of the MOMD spectra shown below axially
symmetric quadrupole interaction, with quadrupole
constant Q 180 kHz, is used.”*” An intrinsic
linewidth, (1/T,)*, of 1 kHz is used; increasing it to 2
kHz has a small effect on the analysis.

Let us estimate the strength of the local potential at the
site of mobile phenyl rings in proteins. In simple cases,
n-flips reproduce the experimental *H lineshapes.*”
They may be envisioned as 60° (or 120°) C—D jumps
between equally populated (b, = pz) exchanging sites,
around the C’—C?% axis (Figure 1). * In the extreme
motional narrowing limit, one has 1/T, =
8* X (py X py)/kee (1/T,. linewidth; &, chemical-shift
site separation; k., jump/exchange rate). Diffusive
motion yields in this limit 1/T, = A% X (S3)* X 7 for
the simple potential, u —c& D, (&, coefficient
estimating potential strength; A, anisotropic magnetic
interaction; S§ = (D), axial order parameter; 7,
correlation time for rotational diffusion); this is a simple
MOMD limit. Thus, for very fast motion, (S3)* in
MOMD is formally analogous to p; X p, in the z-flip
mode. For p; = p,, one has p; X p, = (§3)* = 0.25, which
corresponds to ¢ = 2.3;* for p; # p,, one has (S3)* <
0.25, which corresponds to c; < 2.3. It is reasonable to
assume that ¢3 is comparable to ¢g; within a preliminary
approximation, both are thus expected to be on the
order of 2 kT.

The authors of ref 28 showed that jumps with angular
separation of 60° (120°) around the C’—C¢ axis are
equivalent to rotation with an angular separation of 64°
(or 133°) around a tetrahedral axis. The latter geometric
setup resembles to a greater degree rotational diffusion.

(b)

(c)
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We use this geometric perspective, drawing a formal
analogy between the angle o in MOMD and the 64°
angle.

3.2. Simulations. 3.2.1. Local Potential. z-flips produce in
the extreme motional narrowing limit a rhombic spectrum with
three pairs of discontinuities located at +Q,, = +3/8Q =
+67.55 kHz; £Q,, = +£3/32Q = +16.875 kHz; and +Q,, =
+15/32Q = +84.375 kHz, yielding dlscontlnulty separations of
135, 33.75, and 168.75 kHz, respectively.”® As shown below, all
of the experimental spectra studied here exhibit pairs of
discontinuities separated by ~30 and ~140 kHz. The
proximity of these values to the motional narrowing values
depicted above is an indication that R is relatively large and
R, is relatively small (on the time-scale of the quadrupole
interaction), with fyq being close to 64°.

On this basis, we vary log R; (log R;), keeping it relatively
small (large), fix fyq at 64°, and use a potential strength of 2
kT as the preliminary benchmark *H lineshapes calculated for
cg in the 1.12—1.8 range and ¢ in the 1.73—2.6 range, with Pumaq
=64° log R| = 2.5, and log R = 6.0, are shown in Figure S. All

¢

V, kHz

Figure 5. MOMD lineshapes calculated w1th log Ry = 2.5, log R =
6 0, and the followmg potentlals (eq4): ¢ = 1 8and 3 =2.6 (black),
¢ =1.12 and & = 1.73 (red); 3 = 1.38 and ¢} = 1.9 (green); and ¢ =
1.25 and & = 1.81 (blue). Additional parameters include Q = 180
kHz, fq = 64° and an intrinsic linewidth of 1 kHz.

of these spectra comprise inner discontinuities separated by
approximately 30 kHz. Only the stronger potential with ¢§ =
1.8 and ¢ = 2.6 also features outer discontinuities separated by
approximately 140 kHz. This potential is taken as an improved
benchmark.

3.2.2. Local Mot/onal Rates. We explore the effect of R
and R,, with Byq = 64, g =18 and & = 2.6. Setting log R, =
2.5, as in Figure 5, we vary log R from 5.2 to 6.0 (Figure 6).
The spectral shapes differ considerably for 5.2 < log R} < 5.8,
and rather moderately outside of this region. In the present
setting, the log R; = 2.5 spectrum approaches the rigid limit,
whereas the log R = 6.0 spectrum nears the fast-motion limit.
The inner discontinuity separation of ~30 kHz persists
throughout. The outer discontinuity separation decreases,
and the relative intensity of the inner-to-outer discontinuity
increases, with increasing log R;.

In Figure 7, we fix log R, at 2.3 instead of 2.5, and vary
log R in the 5.4—6.0 range, with all of the other parameters

DOI: 10.1021/acs.jpch.8b06330
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Figure 6. MOMD lineshapes calculated with ¢§ = 1.8, & = 2.6, log R,
= 2.5, and the following values of log Ry: 5.2 (black), 5.4 (red), 5.6
(green), 5.8 (blue) and 6.0 (orange). Additional parameters as in the
captions of Figure S.

0
V, kHz

Figure 7. MOMD lineshapes calculated with ¢§ = 1.8, & = 2.6, log R,
= 2.3, and the following values of log Ry: 5.4 (black), 5.6 (red), 5.8
(green) and 6.0 (blue). Additional parameters as in the captions of
Figure S.

the same as in Figure 6. The differences between
corresponding spectra in Figures 4 and § are relatively small.
To find out how much larger can R; be before substantially
affecting the *H lineshape, we show in Figure 8 spectra
obtained for log R, in the 2.3—2.8 range, log R, = 6.0, and the
parameters ¢, 3, and Priq as in Figure 6. For log R < 2.8, the
main effect consists of decrease in the visible part of the
spectral plot with increasing log R|. For log R, = 2.8, the shape
of the spectrum also changes; larger values are expected to
have a noticeable effect on the H lineshape.

The effect of log R exceeding 6.0 on the *H spectrum
consists primarily of an increase in the visible part of the
spectral plot. Note that the resonances contributing to
dynamic powder spectra from deuterated phenyl rings extend
over the extensive range of +3/2Q = +135 kHz. Within the
+3/4Q kHz region, the resonance intensity is relatively large;
outside of this region, it is relatively small, often so small as not
to contribute visibly to the spectral plot that shows the main

8679

Figure 8. MOMD lineshapes calculated with ¢ = 1.8, ¢ = 2.6, log Ry
= 6.0, and the following values of log R;: 2.3 (black), 2.5 (red), 2.6
(green) and 2.8 (blue). Additional parameters as in the captions of
Figure S.

contributions. The part visible in a given spectrum depends on
its shape, determined by the MOMD parameters cj, ¢, R, and

MQ:
3.2.3. Diffusion Tilt. Figure 9 illustrates the effect of
lowering the value of fq from 64° to 63°. Three pairs of “H

Bmo: 63° (blue) & 64° (red)
¢ ¢} logRL logR||
18 2.6 25 56

1.75 2.55

-100 0
V, kHz

100

Figure 9. MOMD lineshapes calculated with the following parameter-
sets: ¢g = 1.8, ¢ = 2.6,log R, = 2.5 and log Rj = 5.6 (part a); =175,
G =2.55,log Ry = 2.55 and log Ry = 5.8 (part b); and &=17,&=
2.5,log R; = 2.6 and log R = 6.0 (part c). Additional parameters as in
the captions of Figure 5.

lineshapes, with ¢j (c3) in the vicinity of 1.8 (2.6), log R, in the
2.5—2.6 range, and log R in the 5.6—6.0 range, are shown. The
constituents of the pairs displayed in Figure 9a,c differ
considerably; the respective changes feature opposite trends.
The constituents of the pair displayed in Figure 9b differ to a
small extent. The inner discontinuity separation is smaller for
63° as compared to 64°. Thus, the “local geometry” is an
influential factor; not allowing fyq to vary is a significant
simplification of the analysis, which we consider appropriate in
view of the data-related limitations. However, Figures 5—8

DOI: 10.1021/acs.jpch.8b06330
J. Phys. Chem. B 2018, 122, 8675—-8684
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indicate that even with fyq fixed at 64°, R, near the fast-
motion limit and R, near the rigid limit, the MOMD model is
likely to be useful in analyzing the experimental phenyl-ring
data.

3.3. Data Fitting. 3.3.1. Ap,, Fibrils. Figures 10a, 11a, and
12a show the experimental *H lineshapes yielded by the dry 3-

Figure 10. Experimental quadrupole echo *H spectra from the *H-
labeled phenyl ring of F19 in the dry 3-fold-symmetric Ap,,-amyloid
fibril (3fd) (part a). Best-fit MOMD spectra calculated with the
parameters depicted in Table 1. Q = 180 kHz, fyq = 64° and the
intrinsic linewidth is 1 kHz (part b).

fold symmetric twisted Af,, fibrils (3fd), the hydrated 3-fold
symmetric twisted Apf,, fibrils (3fw), and the hydrated
protofibrils of the D23N mutant, respectively.”> For each
sample, there are three spectra acquired at 278 (black), 295
(blue), and 308 (red) K.

The three 278 K lineshapes differ mainly in the outer
shoulders, and the region connecting the inner and outer
discontinuities being slanted to different degrees. The three
295 K spectra (blue), and the three 308 K spectra (red), differ
to a limited extent. The central HDO peak might not affect the
various lineshapes in the same way.

We start with the “H lineshapes of 3fd, where HDO is
absent. The experimental spectra are shown in Figure 10a.>®
An extended search with ¢ and ¢} varied in the 1.4—2.8 range,
and log R, (log Ry) in the 2.3—3.4 (5.6—6.4) range, led to the
best-fit MOMD spectra shown in Figure 10b. In general, the
latter reproduces the main features of the experimental spectra
shown in Figure 10a. The widths of the inner discontinuities
are overestimated. The agreement could be improved by
allowing the intrinsic linewidth to be orientation-dependent.
The commonly used expression16 is (1/T,(Brc))* = (1/T,)*
+ cos® frc X (1/T,)* [where B is defined by Q(0, B¢, 0)—
cf. Figure 1]. The trend is appropriate, as (1/T,(frc))* is
narrower for larger fc (in the 0—m/2 range) that is, for
smaller discontinuity separation. Within the scope of the
rationale underlying the present analysis, we account for this
feature qualitatively. Similar considerations apply to Figure 11.

The best-fit parameters associated with Figure 10b are given
in Table 1. The strength of the potential is 1.7 kT at 278 and
295 K, and slightly weaker at 308 K. The rhombicity of the
potential is 2.6 kT at 278 and 295 K, and slightly smaller at 308

a [V e |
Ay ““.'.
A/ \. 1
400 0 oo 10 g 100

Figure 11. Experimental quadrupole echo *H spectra from the *H-
labeled phenyl ring of F19 in the hydrated 3-fold-symmetric Af,-
amyloid fibril (3fw) (part a). Best-fit MOMD spectra calculated with
the parameters depicted in Table 2. Additional parameters as in the
captions of Figure 10b (part b).

Table 1. Best-Fit Values of cj, ¢3, log R}, and log R,
Associated with the Best-Fit MOMD Spectra of Figure 10b,
Which Reproduce the Experimental Spectra of the Dry 3-
Fold Symmetric Af,, Fibrils (3fd) Shown in Figure 10a”

cg 3 Sé S5 log R log Ry
278 K 1.7 2.6 0.088 0.545 3.0 6.0
295 K 1.7 2.6 0.088 0.545 3.2 6.2
308 K 1.6 2.5 0.082 0.541 33 6.3

“Best-fit order parameters, Sj and S3, calculated according to eq 5.
The average error is 20.03 in ¢, ¢, log Ry, and log R.

K. The order parameters, S3 and S3, were calculated from
and ¢ according to eq 5. S5 is close to 0.5, in evidence of
“perpendicular ordering”. Indeed, according to Figure 1, the
main MOMD ordering axis is likely to orient preferentially
perpendicular to the local director, defined as the average
orientation of the C—D bond. log R; (log R)) increases from
3.0 to 3.3 (6.0 to 6.3) upon increasing the temperature from
278 to 308 K. Estimated activation energies are (16.6 + 0.8)
kJ/mol for R and (22.3 + 1.1) kJ/mol for R;. These values are
within the (wide) range of activation ener§ies determined for
phenyl-ring dynamics in different systems.”">>>*~3>*

Figure 11a shows the experimental spectra of the 3fw fibril
variant.”> The best-fit MOMD spectra are shown in Figure
11b. The agreement between calculated and experimental
spectra is good at 278 and 308 K and not so good at 295 K.
However, in the 295 K spectrum, the inner discontinuities and
the HDO peak are narrower than their counterparts at both
lower and higher (on average, by 15°) temperatures. This
behavior is difficult to reconcile; it might arise from
experimental imperfection, or an unknown effect operating at
295 K, not accounted for in the current MOMD calculations.

The best-fit parameters associated with Figure 11b are given
in Table 2. To determine the effect of hydration, we compare

Table 2. Best-Fit Values of ¢, 3, log R, and log R,

Associated with the Best-Fit MOMD Spectra of Figure 11b,
Which Reproduce the Experimental Spectra of the Hydrated
3-Fold Symmetric Ap,, Fibrils (3fw) Shown in Figure 11a“

% 3 s? S5 log R} log R,
278 K 1.7 2.4 0.123 0.503 2.9 6.0
295 K 1.7 2.6 0.088 0.545 32 6.2
308 K 1.7 2.4 0.123 0.503 3.3 6.3

“Best-fit order parameters, S and S3. Average errors as in the title of
Table 1.

the data shown in Tables 1 and 2. The potential strength is the
same at 278 and 295 K, and slightly weaker at 308 K in the
hydrated sample. The rhombicity of the potential is similar in
magnitude, with slightly different trends as a function of
temperature in the dry and hydrated samples. In Table 2, the
rhombicity increases with the increasing temperature. Similar
behavior was observed for methyl moiety dynamics in globular
proteins'” and Af-amyloid fibrils,”® and interpreted in terms of
degrees of freedom that contribute to the rhombicity of the
potential at higher temperatures being “frozen” at lower
temperatures. We suggest that interpretation in the present
case. The motional rates are the same in Tables 1 and 2 except
for the 278 K spectra, where hydration renders diffusion more
axially symmetric through reduction in the value of R;.
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Figure 12a shows the experimental spectra of the hydrated
D23N protofibrils.”® The best-fit spectra are shown in Figure

Figure 12. Experimental quadrupole echo *H spectra from the H-
labeled phenyl ring of F19 in the hydrated protofibrils of the D23N
mutant of Af,-amyloid peptide (part a). Best-fit MOMD spectra
calculated with the parameters depicted in Table 3. Additional
parameters as in the captions of Figure 10b (part b).

12b. The latter reproduce the main features of the
experimental spectra shown in Figure 12a. The purpose of
the augmented line thickness is to include the error in the
graphical illustration.

The best-fit parameters associated with Figure 12b are given
in Table 3. The potential strength is constant, with ¢§ = 1.7.

Table 3. Best-Fit Values of cj, ¢, log R}, and log R,
Associated with the Best-Fit MOMD Spectra of Figure 12b,
Which Reproduce the Experimental Spectra of the Hydrated
D23N Protofibrils Depicted in Figure 12a“

& & S3 s3 log R log R
278 K 1.7 24 0.123 0.503 2.7 5.9
295 K 1.7 2.6 0.088 0.545 3.0 6.0
308 K 1.7 2.5 0.106 0.524 3.2 6.2

“Best-fit order parameters, S and S3. Average errors as in the title of
Table 1.

The rhombicity of the potential (&3) is 2.4, 2.6, and 2.5 at 278,
295, and 308 K, respectively. log R increases from 2.7 to 3.2
and log R, from 5.9 to 6.2, upon increasing the temperature
from 278 to 308 K. Estimated activation energies are (274 +
1.4) kJ/mol for Ry and (19.1 + 1.0) kJ/mol for R;.

In general, the strength of the potential and its rhombicity
do not differ much from those of the WT fibrils. On the other
hand, both R, and R; are substantially smaller for the D23N
protofibrils as compared to the WT fibrils. This is an
interesting feature. Further studies are required to determine
its source, which could be differences in the secondary
structure and/or monomer assembly and/or antiparallel versus
parallel S-sheet architecture.

Finally, we compare phenyl-ring dynamics in the hydrated 3-
fold symmetric twisted WT fibrils (3fw, Figure 11a) and the
hydrated 2-fold-symmetric striated-ribbon fibrils*® (2fw, Figure
S1 of the Supporting Information). The 295 and 308 K spectra
are quite similar; the 278 K spectra differ, with the 2fw
spectrum exhibiting increased depression in the region
connecting the outer and inner divergences, and steeper rise
from the baseline of the outer divergences.

Figure 13a illustrates the parameter variations that bring
about such spectral changes: larger ¢, no change in ¢3, smaller
log R,, and smaller log R. Within the scope of methyl-moiety
dynamics, virtually no difference was observed experimentally
between 2fw and 3fw in the region of the peptide structure
housing the F19 sidechain.”

MOMD Versus MSM. MOMD describes “restricted phenyl-
ring dynamics” expressing the “restrictions” by a physically
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Figure 13. MOMD lineshapes calculated with ¢ = 1.7, 3 = 2.4, log R}
= 2.9 and log R} = 6.0, referring to 3fw (black); and ¢} = 1.8, 5 = 2.4,
log R; = 2.6 and log R = 5.8, referring to 2fw (red) (part a). MOMD
lineshapes calculated with ¢ = 1.6, ¢ = 2.5, log Ry = 2.3 and log R} =
6.0, referring to F58 in hydrated HP36 (black); c5 = 1.6, ¢3 = 2,6, log
R, = 2.5 and log R = 6.1, referring to F58 in dry HP36 (blue) (part
b). Additional parameters as in the captions of Figure 10b.

well-defined rhombic potential and the “dynamics” by an axial
second-rank diffusion tensor. This model reproduces the main
features of the experimental *H lineshapes; it yields a
consistent and physically relevant picture.

The MSM model for phenyl-ring dynamics in the Apf,y
amyloid fibrils is depicted schematically in the upper part of
Figure 14A.”° It features two different motions involving the
dihedral angle y,. Assuming strong collision, these motions are
large-angle flips between sites 1—3 and 2—4, and small-angle
fluctuations between sites 1—2 and 3—4, independent of one
another. The rates of these motions, K*8° and k™ are
assumed to exhibit Arrhenius-type temperature dependence.
The respective activation energies are assumed to be
distributed around mean values, E*"8 and Ei™. The parameter
Eluse (Esmall) s associated with Gaussian (Gamma) distribution
with width 6% ("), E™e and E™! are taken to be
independent of temperature. The parameters allowed to vary in
the data-fitting process are Elge pomall glarge msmall 414 the two
pre-exponential factors in the Arrhenius equation, with the
latter four parameters allowed to vary with temperature.

The local potential is parameterized after data fitting in
terms of EX® and Em! (Figure 14B). Note that the local
potential and the activation energy for local motion are related,
but not the same, physical quantities. On the basis of the pre-
exponential factors and the activation energies given in ref 25,
we calculated log(k™#°) (log(k"™")) to be in the 5.5—7.0 (8.2—
8.6) range. It is difficult to envision large-angle flips occurring
between the sites 1—3 and 2—4, while the sites 1—2 and 3—4
are averaged at a much faster rate.

3.3.2. HP36 Protein. Only a single *H spectrum acquired at
295 K is available for the phenyl rings of F51 and F58 in the
hydrated protein;** they do not differ much. For F58, the 295
K ?H spectrum of the dry protein is also available. Figure S2 of
the Supporting Information shows the hydrated (black) and
dry (blue) spectra of FS8 superposed.”* They differ by
enhanced concavity of the region connecting the inner and
outer divergences and slightly larger inner-to-outer-divergence
intensity ratio in the spectrum of the hydrated sample. Figure
13b shows parameter variations that can bring about such
spectral changes. It points to less rhombic potential (smaller
¢5) and more axial local diffusion (larger Ry/Ry, in particular
due to smaller R, ) in the hydrated sample.
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Figure 14. MSM model used to analyze phenyl dynamics in the fibril
variants [upper part of (A), and (B)]. Large-angle ring-flips occur
between sites 1 and 3, as well as 2 and 4, with rate K", Small-angle
fluctuations occur between sites 1 and 2, as well as 3 and 4, with rate
k™l The activation energies for ke (kmal)  exhibit Gaussian
(Gamma) distribution with mean E¢ (ES™!) and width 6™ (™).
E™ and E=! depicted in (B), are considered to represent the local
potential. The MSM model for phenyl dynamics in HP36 comprises
in addition the motion illustrated in the lower part of (A)—nearest-
neighbor jumps occurring with rate k along an arc of length I centered
at the C*~C” bond.”

Table 4 shows the MOMD parameters corresponding to the
295 K spectrum of FS8 in hydrated HP36 (row 1); the 295 K

Table 4. cj, 3, log R, and log R, Corresponding to the 295
K Spectrum of F58 in Hydrated HP36 (Row 1); the 295 K
Spectrum of F19 in 3fw (Row 2); and the 295 K Spectrum
of F19 in Hydrated D23N (Row 3)“

row

no. probe & 3 S3 S3 log R, log Ry
1 F58 in HP36 1.6 2.5 0.082 0.541 2.3 6.0
2 F19 in 3fw 1.7 2.6 0.088 0.545 32 6.2
3 F19 in D23N 1.7 2.6 0.088 0.545 3.0 6.0

“Order parameters, S and S3.

spectrum of F19 in 3fw (row 2); and the 295 K spectrum of
F19 in hydrated D23N (row 3). All of the parameters
associated with HP36 differ from the corresponding parame-
ters associated with the Af,, fibrils. The largest discrepancy is
associated with log R}, which is 2.3 in HP36 and 3.2 (3.0) in
3fw (hydrated D23N). The difference between the globular
protein HP36 and the Ap,-amyloid fibrils is substantial in the
present context.

To reproduce the enhanced concavity of the region
connecting the inner and outer divergences with MSM, an
additional mode—small nearest-neighbor jumps along an arc
centered at the C*—~C/ bond—was included in the overall
model.”*
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3.4. New Insights Based on MOMD. The structural
dynamics of all of the phenyl rings studied here have been
interpreted in terms of two physical quantities—the local
potential, 4, and the local diffusion tensor, R. This made
possible comparing phenyl-ring sites of dry and hydrated
fibrils, Af,, fibrils and protofibrils of the D23N-mutant, 2-fold-,
and 3-fold-symmetric Af,, fibrils, and dry and hydrated HP36
(see above). Importantly, the globular and fibril-type protein
forms have been compared.

Let us relate these results to the HP36 structure (Figure 2)
and the monomer structures of the various fibril variants
studied (Figure 3). Protein hydration affects the phenyl rings
of FS1 and F58 (ref 25 and this study) of HP36. It also affects
the methyl groups of L75, L61, and VS0, but not the methyl
groups of L69."'” All of these structural elements are depicted
in Figure 2. The L69 methyl groups are located adjacent to,
and eventually pack against, the protein scaffold. All of the
other side chains appear to be associated with enough “free
volume” to let water penetrate and affect their motion.

The MSM for methyl-moiety dynamics' differs from the
MSM for phenyl-ring dynamics;*> hence, comparison between
the two probe types cannot be conducted. MOMD analyzes all
the probes with the same model. It points to u and R, being
similar for phenyl rings and methyl groups, R being faster for
phenyl rings, and the local geometry being more intricate for
methyl moieties (ref 20 and this study).

Let us focus on the Af,, fibril variants. Among the methyl
groups of L17, L34, M3S, and V36 (with M3S depicted in
Figure 3a—c and L34 depicted in Figure 3a,b), only the M35
methyl is affected by fibril hydration.'”*” We have shown’
that hydration-related aspects are propagated selectively
through the interaction of the M35 methyl with tightly
peptide-bound water.”” Independently, it was shown that the
M35 methyl exhibits intermonomer orientation.”’ We find
here that the F19 phenyl ring is also affected by fibril
hydration. Inspection of Figure 3—in particular, Figure 3c, see
phenyl ring of F19 located between V18 and F20—shows that
the F19 side chain is pointing away from the monomer plane.
This is a position where (similar to the M35 methyl) the F19
phenyl ring could interact with tightly peptide-bound water,
explaining its detected response to fibril hydration.

Finally, as outlined above in detail, phenyl-ring dynamics in
the Ap,, fibrils differ considerably from phenyl-ring dynamics
in HP36.

The following comments with regard to the MOMD analysis
are of interest. (1) The local potential is defined here in terms
of the coefficients ¢j and ¢ of the potential u(Qcy) (eq 4).
One may also represent u(Qcy,), and the associated probability
distribution exp(—u(Qcy)), as 3D pictures (or 2D projections
thereof). Such pictures are shown in ref 17 (Figure 7) and ref
51 (Figures 7—9). For illustration, we show in Figure S3 of the
Supporting Information the 3D plot and associated probability
distribution for the potentials with ¢ = 1.8, ¢ = 2.6, and & =
1.2, & = 1.8, used (among others) in Figure 5. (2) One could
improve the agreement with the experiment by allowing
additional MOMD parameters to vary in the data-fitting
process. However, different cases would require different
additional variables. This would impair consistency, which we
set as (justified) objective within the scope of capturing key
features of limited experimental data sets. (3) The calculated
MOMD spectra exhibit quite a few features not observed in
continuous wave (CW) experimental spectra, such as treated
in this study. Recently, we developed MOMD for the analysis
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of *H spectra acquired in the presence of magic angle spinning
(MAS)." Such spectra are better resolved than CW spectra
(ref 19 and articles cited therein). Applications of
MOMD/MAS are expected to bear out the benefits of
enhanced resolution.

4. CONCLUSIONS

The MOMD approach as applied to *H lineshape analysis in
the solid state was used to study restricted phenyl-ring
dynamics in several Ap,-amyloid-fibril variants and the villin
headpiece subdomain HP36. The available experimental data
are limited in extent and sensitivity. Out of the three key
quantities characterizing restricted motions—Tlocal potential, u,
local diffusion tensor, R, and local geometry—the former two
were allowed to vary in analyzing the *H lineshapes, while the
local geometry was fixed according to standard stereo-
chemistry. With this strategy, the main features of the
experimental lineshapes were reproduced, and a consistent
physically relevant picture of phenyl-ring dynamics was
obtained. In the 278—308 K temperature range, the strength
of u is (1.7—1.8) kT and its rhombicity is (2.4—2.6) kT; the
rate constants for local motion are 5.0 X 10? < R, £20X 10°
s and 6.3 X 10° < Rj <2.0 X 10°s7\,

At 278 K, phenyl-ring diffusion in the 3fw polymorph is
more symmetric than in the 2fw polymorph, mainly because of
smaller R;. F19 phenyl-ring motion is slower in the D23N
protofibril than in the WT fibrils. Hydrated HP36 exhibits
more symmetric phenyl-ring potentials and diffusion tensors
than dry HP36. At 295 K, the local potential and the local
diffusion associated with the HP36 phenyl rings differ from
their counterparts associated with the fibril phenyl rings.

The M35 methyl and the F19 phenyl ring are affected by the
hydration of their host fibril. This is due to intermonomer
orientation, which facilitates interactions with tightly peptide-
bound water, shown in previous work to propagate hydration-
related aspects.”’

The phenyl rings of FS1 and F58, and the methyl-moieties
of V30, L61, and L75, all of which reside in the HP36 core,
benefit from sufficient free space to allow for water access;
hence, they respond to protein hydration.

From the perspective of phenyl-ring dynamics, the Af,,
fibrils and HP36 differ considerably. The *H phenyl-ring
spectra considered here were analyzed previously with MSM
models; the latter aimed at precise reproduction of the
experimental H lineshapes. For that, two (for the Af,, fibrils)
and three (for HP36) simple dynamic modes were combined,
and quite a few assumptions were made. Phenyl-ring dynamics
is described in terms of distributions in temperature-
independent mean activation energies. This interpretation
differs fundamentally from the MOMD-based interpretation.

Finally, the pervasive problem of experimental data limited
in extent and sensitivity is being addressed here effectively.
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and dry HP36 (Figure S2): 3D plots of the potentials
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u = —1.8D5 — 2.6(Dg, + D§_,) and u = —1.2D,
— 1.8(D§, + D§_,), as well as the associated probability

distributions, exp(—u) (PDF)
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