PCCP

Accepted Manuscript

st s s s This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
e standard Terms & Conditions and the Ethical guidelines still

‘gﬁﬁéﬁéﬁ# apply. In no event shall the Royal Society of Chemistry be held

responsible for any errors or omissions in this Accepted Manuscript

Or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WWW.rsc.org/pccp


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 5

PhysicatChemistry Chemical Physics

Journal Name

YAL SOCIETY
CHEMISTRY

Of

Access to Aliphatic Protons as Reporters in Non-Deuterated
Proteins by Solid-State NMR

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

www.rsc.org/

Interactions within proteins, with their surrounding, and with
other molecules are mediated mostly by hydrogen atoms. In fully
protonated, inhomogeneous, or larger proteins, however,
aliphatic proton shifts tend to show little dispersion despite fast
Magic-Angle Spinning. 3D correlations dispersing aliphatic proton
shifts by their better resolved amide N/H shifts can alleviate this
problem. Using inverse second-order cross polarization (iSOCP),
we here introduce dedicated and improved means to sensitively
link site-specific chemical shift information from aliphatic protons
with a backbone amide resolution. Thus, even in cases where
protein deuteration is impossible, the approach may enable access
to the various aspects of protein function that are reported on by
protons.

Hydrogen atoms are strongly involved in atomic contacts
mediating the interactions within as well as
molecules in biological The development of
towards characterization of

between
processes.
methods atomic-resolution
hydrogen atoms has thus represented a major appeal in recent
structural biology and will be needed for elucidating protein-
protein and protein-drug interactions and their dynamics.
Solid-state  NMR (ssNMR)
structural aspects and dynamics of biological macromolecules
at the atomic level.™? Biological ssNMR is traditionally based
on the detection of heteronuclei and requires large amounts of

is well-suited to characterize

isotope-labeled protein. However, detection of sparse protons
has proton-diluted
samples.3'7 The associated advantages of deuteration have

now successfully been pursued for

enabled proton-based backbone assignment strategiesg'lo,
proton-based structure calculation with long-range distance

restraints up to > 10 /:\6’11'12, and characterization of dynamics
15 These

in the absence of strong proton-proton couplings.13
sensitive methods usually rely on the introduction of amide,
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methylene or methyl protons or isolated protonated amino
acids into otherwise perdeuterated proteins.15'19

Proton dilution by deuterons (reducing the deleterious effects
of the proton dipolar network) has resulted in high-resolution
proton spectra for several proteins even at moderate MAS.
Unfortunately, the preparations mostly rely on both,
expression of partially deuterated proteins and/or partial back
exchange of deuterons against protons. Such deuteration
protocols are not viable for many proteins due to no or low
expression in E. coli and/or the need for unfolding and
refolding steps. Accordingly, finding general ways to access
proton-derived NMR parameters in non-deuterated solid
samples has remained one of the most important challenges
for NMR spectroscopy.
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Figure 1. (A) Inverse second-order Cross Polarization (iSOCP). Transfer pathways were
approximated using a three-spin system including an amide nitrogen and amide proton
coupled to a relayed proton as depicted in A). In B), transfer of magnetization from BN
to proton spins via Hartmann-Hahn CP (upper panel) and iSOCP (lower panel) is
depicted as obtained in numerical (SIMPSON) simulations in the absence of off-
resonance effects. C) 2D “*N-filtered proton-proton correlation experiments on a non-
deuterated, u-">C/**N-labeled micro-crystalline a-spectrin SH3 sample at 55.5 kHz MAS
employing SOCP as the first (upper panel) or as the second CP step (iSOCP, lower
panel). The diagonal region is represented by a dotted line in the spectra, relayed
(aliphatic) correlations are boxed. See the Sl for simulation and experimental details.
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In case of non-deuterated proteins, proton chemical-shift
dimensions have so far been of little use due to broad lines
and crowded spectra compared to heteronuclear detection.”®
Recent efforts in probe design now enable MAS of 50-130 kHz,
using rotors of 1.3 mm and smaller.*? The development of
“ultra-fast MAS” provokes for the first time the use of non-
deuterated proteins for proton detection. There are now
already a limited number of studies on completely protonated
systems demonstrating heteronuclear correlations based on
amide proton detection at 60 kHz MAS.*H%

Compared with amide protons, aliphatic protons, however,
seem to be unattractive for ssNMR under these conditions yet.
These protons are highly crowded in CH spectra and at first
sight provide a discouraging resolution. The aliphatic H/C
correlation (see Supplementary Figure S1B) bears significantly
lower resolution than the amide spectrum (see Supporting
Figure S1A) due to both, an approximately five times larger
number of 'H nuclei and (at 55.5 kHz MAS) slightly wider peak
widths. The resolution of aliphatic HC correlations obtained in
non-deuterated proteins can potentially be further increased
by faster spinning.3 Given the fact that most protein samples
display significantly more intrinsic inhomogeneity than the
microcrystalline proteins used in the pioneer studies, a mere
reduction of 'H-'H dipolar couplings with all implicated
disadvantages, however, may not be a general remedy even at
increasing B, fields if 2D HC correlations are employed. We
show here that MAS speeds achievable with 1.3 mm probes or
smaller in combination with amide-dispersed correlations
allow access to the sought proton information in the aliphatic
region if appropriate spectroscopic strategies are employed.
To make use of the aliphatic proton information despite the
residual  dipolar linebroadening  (DDy,y=~ 130 kHz) or
conformational inhomogeneity, effective dispersing of the
aliphatic 'H shifts is required. This can be achieved by
correlating these resonances with the better-resolved amide
shifts, as it is the case in HN--H spectra based on proton-proton
mixinge'“’lz’18 and as can be applied for aliphatic protonsn. In
search for dedicated simple and robust tools to directly access
aliphatic proton shifts with an amide HN resolution, we
employed SIMPSON?® simulations of various schemes
combined with 2D experimental approaches. Second-order CP
(SOCP)ZG’27 transfer has been described lately as a three-spin
second-order mechanism under low-power conditions, where
the presence of a second proton spin is essential for the
magnetization transfer from directly bonded protons to a
heteronuclear spin. By choosing a proper offset, efficient
proton magnetization SOCP can efficiently transfer proton
magnetization to a particular region in the carbon spectrum
with very low RF power under fast-MAS conditions. Briefly,
weak B; fields matching the n=0 Hartmann-Hahn conditions
are applied on proton and carbon. We find that SOCP, causing
similar effective couplings to protons directly coupled to the
heteronucleus as to distant protons dipolar coupled to the first
ones, can be reversed in direction to achieve a distance-
selective magnetization transfer from amide nitrogen to
aliphatic protons in a single step. Interestingly, inverse SOCP
(iISOCP in the following) allows effective polarization of the
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distant protons. Both simulations (see Figure 1B and details in
the Supplementary Information) as well as their confirmation
in NMR experiments (see Figures 1C, S5, and S6) show a
predominant magnetization transfer from the amide sites to
dipolar-coupled distant protons within roughly 3 A. The
experimental implementation was based on weak, 1-2 ms spin
lock of 10-20 kHz B, field without use of ramps to transfer BN
magnetization to nearby protons (see the Sl for experimental
details). To obtain heteronuclear correlations between amide
and nearby aliphatic protons, we recorded 3D YN/ MR-
correlation spectra using a time-shared pulse sequence with a
conventional CP?® as the first magnetization transfer and an
iSOCP as the second transfer (Figure S5).

The time-shared 3D iSOCP experimental scheme provides
both, >N-edited as well as **C-edited *H-'H correlations at the
same time. Different strips for the N-edited and **C-edited
part of the spectrum are shown in Figure 2A and 2B. Usually,
the amide nitrogen shows only a weak diagonal peak to its
amide proton but cross-peaks to distant protons that are close
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Figure 2. Access to individual proton shifts by 3D H'N"H*" correlations based on inverse
SOCP as observed for non-deuterated, u-"C/*N-labeled a-spectrin SH3 micro crystals
at 55.5 kHz MAS. Strip plots of (A) *N- and (B) *’C-edited regions of a time-shared
1H(Fl)—lsN/EC(FZ)-iH(Fg) correlation experiment using iSOCP as the second CP transfer.
If the Hartmann-Hahn condition is fulfilled, magnetization is predominantly transferred
to the relayed proton. The diagonal positions are marked by vertical lines. The spectra
are overlaid onto a dipolar-based 2D "H-""N reference spectrum (in A) and a 2D 'H-"C
reference spectrum (in B), respectively (gray). C) Remarkably, if resolved in amide-
dispersed strips, the aliphatic protons’ linewidths are sufficiently narrow to yield
accurate and unambiguously assignable shift information. In addition, this resolution is
sufficient to distinguish the variability resulting from different secondary structure
(variation within > 0.8 ppm) * and residue type (mean values of 4.0 -4.7 and 1.3 - 4.1
ppm for H” and H”, respectively)®. Even in the absence of paramagnetic effects, other
influences like ring currents (variation within 2.2 ppm) add to these effects and can
increase the distribution of the 'H shifts much further, as it is the case for A55. D)
Representative distances for signal transfers observed are depicted in the X-ray crystal
structure for the 55Ala amide proton (PDB: 2NUZ). The transfers are effective roughly
in a range of up to 2.75-3 A (yellow sphere).
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to the corresponding amide proton instead (see Figure 2D).
We could achieve assignments of the obtained correlations by
the following routine: In the case that cross peaks between
amide proton and aliphatic protons appear in both, ®N-edited
and “*C-edited strips, the assignment is straightforward and
unambiguous. Similar is the case for those resonances that
represent well-resolved amide proton and 3¢ chemical shifts
in C-edited experiments. In any case, if the cross-peak
chemical shift value matches with more than one aliphatic
proton chemical shift value, then the distance (from the X-ray
structure, 2.5 to 3.5 A away from amide protons, as can be
deduced from the unambiguous peaks) was the criterion for
assignment. Contacts obtained and their distances are listed in
Table S1 (in the SlI). Under the described conditions, using
processing parameters optimal for highest resolution, the
time-shared iSOCP-based spectra yield a maximum signal to
noise of approximately 10:1 within 34 h. This is significantly
more sensitive than a combination of back transfer to H" and
successive homonuclear (RFDRZQ) proton-proton mixing (see
the SI for details), which — like HN--H experiments using
homonuclear *H-'H mixing schemes generally“'18 — can be
used to yield the same spectral information®*. Regarding the
assignment strategy for unknown structures, the combination
of N/C cross-validation and spatial restriction (meaning mostly
that the peaks are within the same residue) make an
assignment possible. In critical cases, an additional 13C/ISN
dimension added to the proposed 3D experiment with proton
detection could help reduce further ambiguities.

A buildup profile of aliphatic polarization by iSOCP is shown in
Figure S10 (SlI) for some cases in which cross-peaks are
unambiguous already in 2D HN experiments. Such build-up
curves may be useful for determination of distance-related
information between amide protons and aliphatic protons. A
combination of the spectra shown here with RFDR or other
recoupling sequences for longer-range contacts and higher-
dimensionality (>3D) experiments‘r"18 may be helpful to enable
protein structure calculation from minimal protein amounts
for non-deuterated samples.

Facilitating atom-resolved spectra of aliphatic protons with
improved sensitivity, these approaches allow us to
demonstrate unambiguous identification and
aliphatic proton resonance frequencies in minimal amounts of
undeuterated protein. Representative line widths of the
individual proton resonances that we obtain in 3D strips
resolved by the amide shifts under the experimental
conditions amount to approximately 0.2-0.4 ppm. Lowest
values of 140 Hz (0.175 ppm) are found for methyl groups.
Given the distance-dependent access to aliphatic protons, we
mostly obtain H* and HP (and sometimes HY) proton data in the
F1/F2 amide-resolved strips. Shifts of geminal protons
attached to the same carbon are mostly degenerate and thus
cannot be distinguished. On the other hand, residue-type-
specific shielding parameters, secondary structure, and other
influences, which can have even stronger effects, easily induce
shifts significantly larger than the aliphatic HWFM.2® In line
with what can be derived from previous work21, this fact

readout of
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represents a basis for the utility of protons as a carrier of local
chemical information.

Typical aliphatic proton shifts for different amino acid types
scatter over large ranges within the same nucleus type (Figure
2C). For example, H* mean values vary from 4.0 — 4.7 and HP
values from 1.3 — 4.1 ppm (BMRB data bank).31 The differences
in the HD‘/HB patterns expected for different residue types
provide a means to sensitively assess the kind of amino acid
present at a specific position. This is commensurate to the
typical carbon chemical shifts for different amino acid types
and provides a complementary tool for sequential resonance
assignments in proteins. See a list of the aliphatic shifts in the
SH3 domain in comparison with random coil values for
comparison in Table S2 of the SI.

The access to non-exchangeable protons is also able to inform
on local magnetic fields and individual shielding parameters.
Since most through-space effects on the chemical shift like
intra- and intermolecular protein interactions are fully or
partly elicited by aliphatic contacts, their facilitated NMR
accessibility thus provides a reporter of protein-protein
contacts or protein-small molecule interactions.®?  This
potential is represented in Figure 3C/D and Figure S11
(Supplementary Material), depicting chemical shifts in the
individual SH3 domain aliphatic protons relative to their
random coil chemical shifts. Deviations from random-coil
values clearly exist, reflecting for example whether a side chain
is or is not in contact with other protein structural elements:
Water-exposed side chains like W41 and W42 do not show
significant difference values (<0.2 ppm for all protons).

>
|
vy)

/ASS(’ \S/

I Il | ‘ié:* vs7!

10 20 30 40 50 60 [N

Propensity
o = o o :
o o N O

o
)
I

D

29) ‘1/
L R it iRt CEEEEREETERETERRE EEEE e W4,
B R = [EREe ASSHp § I[

| 0 | | VWY L RN N Y R I I N DY W A OO Y G0 W L s |
>3

Residue —>

Figure 3. Comparison of predicted secondary structure in the SH3 domain without (top)
and with (below) consideration of proton chemical shifts. The data was generated using
TALOS+. Heteronuclear chemical shifts and proton chemical shifts had been published
previously.l Cyan, red, and blue colors represent the propensity of an amino acid to be
in B-sheet, a-helix and loop conformation, respectively. Secondary structure from the
X-ray structure is shown on top, regions with improved prediction are boxed. (B) The B-
helical stretch (right box in A) is evident in the crystal structure. (C) Deviation of
observed chemical shifts for aliphatic protons in the solid state (blue: H% green: H? red,
light red: Hy, black: H8) from random-coil chemical shift values. A55 proton shifts
clearly report on the proximity to the aromatic W42. (D) Structural representation of
the A55 environment.
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On the other hand, for example, 55Ala aliphatic chemical shifts
are extremely up-field shifted relative to random coil due to
neighboring ring-current effects (>1.5 ppm for both H* and HB).
Aliphatic hydrogens as exposed reporter nuclei will be more
useful for mapping such interactions than amide protons,
whose chemical shifts are mostly determined by their
hydrogen bonds, and than heteronuclei, whose sensitivity to
environmental shielding is less pronounced due to their more
protected residence and lower gyromagnetic ratio.??

'H chemical-shift information of aliphatic side chain groups
also reports on secondary structure, which causes variations of
H® shifts within 0.8 ppm: With respect to random coil, H®
resonances are shifted by approximately 0.4 ppm up or down
for helical or strand structure, resy:)ectively.30’32 Proton shifts
can thus also be exploited for secondary-structure assessment
(e.g., TALOS[33]) in terms of secondary chemical shifts (see
Figure 3A/B). Indeed, in the SH3 domain, secondary-structure
prediction by TALOS+E? s significantly improved for parts of
the protein upon including the HN, H® and H® chemical shift
information content in addition to heteronuclear shifts only:
When only heteronuclear shifts are used as an input for the
TALOS program, in the short helical region (55Ala-56Ala), only
a 20 % helix probability is predicted for A56. Upon inclusion of
proton chemical shifts, the correct structure is predicted with a
propensity of 41 %. Similarly, the propensity of the loop 12Leu-
16GIn, which achieves the correct ‘loop’ prediction with only
19 % probability on average based on heteronuclear shifts
only, is improved to 46 % upon inclusion of proton secondary
chemical shifts. The other regions are predicted correctly with
or without 'H shift information. The helical stretch is a critical
part of the protein structure due to its biological role in
recognizing Pro-rich sequences in its binding partners. The
one-turn helix is not usually recognized correctly by angle-
based algorithms like in crystallographic structure viewing
programs, despite the fact that crystallography clearly shows a
helical pattern held in place by the usual i to i+4 H-bond
structure. Similarly to secondary chemical shift data and local
chemical variables, many other biologically relevant
parameters can be obtained from aliphatic protons as
abundant and exposed reporters. This large versatility has
been amply demonstrated in solution NMR studies and can
logically be transferred to solid-state NMR. For example,
binding of small molecules to protein surfaces has a known
effect on aliphatic hydrogen resonances.>** Characterization
of contacts elucidated by paramagnetic
enhancement®®®” or contact shifts will now be applicable to
the entire set of reporting spins in a protein without
deuteration. Using these approaches, water accessibility
measurements based on magnetization transfer by water-to-
protein proton NOE*** is another straightforward application.
New perspectives arise to characterize local mobility — as for
example derived from HC dipolar couplings15 — or to obtain
distance restraints via latest protein structure determination
schemes*. Most of these possibilities have been
demonstrated for H" in deuterated proteins and can now be
expanded to the aliphatic side chains in fully protonated
proteins.

relaxation
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To conclude, we have shown that improved access to aliphatic
proton chemical shifts even in the case of a non-deuterated
protein can be obtained using inverse-Second-Order-CP-based
3D correlations. Aliphatic shifts can be accessed and assigned
from minimal protein amounts by a combination of ultrafast
Magic Angle Spinning and iSOCP transfer techniques that
correlate the resonances of non-exchangeable protons with
their better-resolved and usually clearly assigned amide shifts.
We have demonstrated that protons generally bear rich
information content and are amenable to report on residue
type, atomic contacts, and secondary structure. A plethora of
further uses of proton shift accessibility can be derived from
solution NMR and previous studies using amides in deuterated
solid proteins. These possibilities will be of high value for the
characterization of eukaryotic membrane proteins and other

targets difficult to express in E. coli, which represent
increasingly important candidates for structural biology
studies.
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