
Let’s get biophysical – How to get your favorite protein’s digits☆

Marcus J.C. Long b,*, Yimon Aye a,*

a Swiss Federal Institute of Technology Lausanne (EPFL), Lausanne 1015, Switzerland
b University of Lausanne (UNIL), Epalinges 1066, Switzerland

A R T I C L E I N F O

Keywords:
Biophysical tools
Protein structure and function
Interdisciplinary research

A B S T R A C T

In these days of information overload and high-throughput analysis, it is easy to lose focus on the study of in-
dividual proteins. It is our conjecture that such investigations are still crucially important and offer uniquely
penetrative insights. We thus present a discussion of biophysical methods to allow readers to get to know their
protein of interest better. Although this perspective is not written with the expert in mind, we hope that for
interdisciplinary scientists, or researchers who do not routinely perform biophysical analyses, the content will be
helpful and inspiring.

Protein biochemistry remains the meat and potatoes of biological
and medicinal research, and indeed, any disciplines that harness puri-
fied proteins to understand interactions at the molecular level. With
increased power of resolution and detection, similar experiments are
now also routinely used on partially-purified protein mixtures isolated
from cells or tissues. Regardless of the origin of the samples to be
analyzed, or the goals of the experiment, biophysical methods have their
own inherent limits, and pros and cons that need to be considered both
during planning of experiments and subsequent interpretation of results.

In this mini-review, we briefly discuss techniques we and others use
to understand structure, binding, and activity/function of purified pro-
teins (either recombinantly expressed or native entities isolated from
cells). We focus on key scenarios that these methods can address, and
where they may be limited in delivering a holistic picture. We hope such
discussions will aid researchers—particularly interdisciplinary scientists
and chemical biologists alike, not specialized in structural biology/
biophysics research, but nonetheless wishing to exploit these tools—in
deciding which methods could best match their specific research ques-
tions. Indeed, biophysical techniques are particularly useful to get up
close and personal with proteins in which one has specific interest. Such
an interest in these proteins could come from high throughput screens,
literature searches, or through less formal means such as interactions
during scientific symposia. Nonetheless, it is likely that once we start to
hone in on studying a specific protein, some of our publications and key
conclusions will hinge on correct biophysical characterization! Thus,
this opinion piece, also set to a menu for a 3-course dinner to spur the
broader readership, is written with the spirit that it could help make that

happen for researchers if and where applicable.

1. Prelude – protein isolation

We will focus here on how to characterize specific proteins and not
deal too much with purification. However, we note that, before the
characterization of a protein starts, someone has to prepare it. Protein
purification, although often considered routine, is indeed a complex skill
that requires experience and care. We have purified recombinant pro-
teins from E. coli,1,2 but also used expression in mammalian systems,
from which we have extracted sufficient protein for negative stain EM
studies and activity assays.3 The majority of these studies relied on His6
tagged proteins and their affinity to nickel or cobalt beads. Although we
have also used small domains, such as glutathione-S-transferase4 and
E. coli dihydrofolate reductase in some instances.5 In general for rela-
tively small (<~100 kDa), non post-translationally modified proteins,
E. coli tends to be an ideal organism for preparation; several different
E. coli strains are available to aid preparation of specific proteins,
including strains aiding of folding of proteins at low temperatures,6 and
strains with codons apposite for mammalian expression.7 For larger
proteins, those requiring special folding procedures, and those that are
post-translationally modified, mammalian or insect cells are often
needed. For instance, in a recent paper we found that only expression in
mammalian cells was able to afford enzymatically active Cyp-33e1
oxidoreductase.8

In terms of purity, it is also worth noting that different methods
require different levels of purity. Indeed, enzymatic activity assays are
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Figure 1. Protein structure and mass spectrometry. (a) Depictions of protein primary (i), secondary (ii), tertiary (iii), and quaternary (iv) structures. (b) Different
proteases used in digest MS experiments. Inset (cricle) on right shows a representative tryptic peptide, wherein the last residue must be either arginine (as in this
example) or lysine. (c) y and b ions resulting from collision-induced dissociation in tandem MS identification, examplified using a resulting 12-mer peptide post
digestion. Top row: inset on right shows a representative fragmented ammonium and acylium ions, respectively, arbitrarily shown for y10 and b3 ions. Lower row:
modification site identification, exemplified using phosphorylation (yellow sphere) at the 3rd residue of a 12-mer peptide post digestion: consecutive fragments
flanking a modified residue (here, b2, b3, and b4 ions, see inset on right) are needed to confidently assign position of a modification. (d) C-terminal sequencing by
exocarboxypeptidase and intact MS. Biorender software is used for illustrations.
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typically very tolerant to contaminant proteins, providing those con-
taminants do not contribute to the measured activity. Other methods,
such as crystallography can require highly homogeneous protein, which
can be limiting in some cases. Purity of protein can depend on numerous
factors including washing steps during purification, the nature of resin
used,4 and other factors beyond the scope of this publication.

Of course, many proteins (>70% in eukaryotes) consist of several
domains.9 Computational methods to detect individual domains are
known. Each domain, or other truncations, can often be purified and
studied indepedently, greatly simplifying preparation, and analysis. It
very much depends on the nature of the protein and the research
question whether this approach is applicable or not; but should purifi-
cation of the full protein otherwise be impossible, domain purification
can constitute a good starting point. Alternatively, swapping similar
proteins with different domains, either proteins from different species,
or different isoforms, can also bring new insights.10

2. Protein structure – first orders

As our article focuses on methods to assess protein structure or
structure-dependent function, for amuse bouche, we present an overview
on protein structure. Protein structure is a complex, multifactorial
problem that cannot be described by a single parameter. This complexity
inherent to protein structure can be reflected by breaking it down into
four categories (Fig. 1a):

1) primary structure, the specific sequence of amino acids that make up
the protein;

2) secondary structure, local structure including β-sheets and helices
(the most common of which is α-, but others such as π11 and 31012

exist);
3) tertiary structure, the overall fold of a single polypeptide chain,

incorporating all secondary structural elements; and
4) quaternary structure, the convergence of multiple tertiary structures

(e.g., oligomerization) as well as cofactor incorporation.

Unsurprisingly, different biophysical methods are applicable to
measure specific structural aspects; some go a stage further and focus on
specific regions within a protein. We will discuss this aspect in each
section.

Although this breakdown of structructural units, and by extension
domain theory,13 gives an idea that local interactions are increadibly
important for protein structure and function, this is not entirely the case.
Protein structure and function are increadibly complex, and indeed
mutation of one region of a protein can have dramatic implications on
remote regions,14 through unexpected mechanisms.15.

3. Mass spectrometry – For starters, something exciting and
impactful to raise your spirits?

Mass spectrometry (MS) is a physical method used to measure mass
of particles. It does so through volatilizing samples, then ionizing them,
and subsequently detecting them. The actual output of MS is the mass
divided by the charge (m/z), although this is typically converted to mass.
Because the nuts and bolts of this process are particularly complex,
depending on volatility, ionization properties and stability of the ions,
all of which are highly sensitive to molecular structure and particular
experimental conditions, MS is inherently unable to give absolute levels
of specific components in mixtures, or even compare individual peaks
between samples. Several methods have been used to circumvent these
issues that we will briefly discuss below. Nevertheless, because it can
accurately measure particle mass, MS is one of the most useful methods
to identify unknown proteins involved in specific process or pathways
one is interested in. As outlined below, MS is also applicable to other
questions worthwhile posing early on in proceedings.

3.1. Digest mass spectrometry – Biting off what you can chew

Applicability: (semi)-purified protein, complex mixtures
Main structural aspect
investigated:

primary structure

Others general
applications:

protein modification/truncation (with caveats)

Is it quantitative? relative amounts are readily quantifiable;
absolute amounts not particularly reliable.

3.1.1. Protein identification – Guess who?
Digest MS involves treating protein samples with a protease, sepa-

rating the fragments using liquid chromatography, and then analyzing
individual fragments by tandemMS. (Note: tandemMS is a variant of MS
where each ion is analyzed for total mass, then fragmented into con-
stituent components). The fragmentation patterns give precise sequence
information that allows identification of each fragment within a specific
protein; hence, this method is ideal for assigning primary sequence. For
this reason, it is crucial that fragmentation patterns are contiguous, and
that the digest fragments are consistent with the protease used for
digestion (Fig. 1b). Fragmentation derived from standard collision
induced dissociation (CID) occurs at the amide C–N bond, giving rise to
y or b ions, where the charge resides on the primary ammonium, or an
acylium ion, respectively (Fig. 1c: top panel). As MS depends on vola-
tility and ionization, it should be remembered when planning a diges-
tion experiment that short (<4 amino acid) and very long peptides
(often, >~24 amino acids) are not readily applicable to this method.
Bearing this in mind, proteases apposite for covering specific stretches of
the primary sequence of one’s target protein can be chosen.

For proteomics studies, it is often desired to compare enriched pro-
teomes following different treatment conditions. Unfortunately, the is-
sues of MS quantitation historically rendered such comparisons prone to
error. Several methods have been developed to improve relative quan-
titation. These include the use of stable amino acid isotopomers, which
allow quantitative comparison between samples because isotopomers
have identical physical properties (volatility and ionization, for
instance), but are significantly different in molecular mass to be resolved
in MS. Post-lysis and post-digest isotope labeling, e.g., tandem-mass
tagging (TMT), can also be used. The TMT approach has some limita-
tions, principally associated with labeling occurring at peptide stage.
However, TMT can nowadays be carried out in 11 or more multiplex,
whereas, for instance, in-cell/in-vivo mass tagging through stable
isotope labeling of amino acids in cell culture (SILAC), can only be used
in triplicate. For readers interested to delve deeper into MS proteomics
capabilities and for chemical biological or biochemical investigations,
we refer them to our recent mini-review.16 With the improvement of
modern MS methods, it is now quite common to use label free quanti-
fication (LFQ) MS, which compares ion signatures per run in native
digest samples. Although this has no internal control, with multiple
replicates, and careful processing using either data-dependent or data-
independent acquisition (DDA/DIA), and taking advantage of the fact
that enriched samples often contain large amounts of noise, numerous
researchers been able to identify specific associations and relevant
functional targets using this method. For instance, we have deployed
many of the above techniques in concert with digest proteomics to un-
cover specific electrophile-sensor proteins.

3.1.2. Protein modifications – change and chop
As posttranslational modifications (PTMs) change a protein’s mo-

lecular weight, MS can be used to identify PTMs. This method usually
requires a relatively large amount of sample protein, as the aim is to
cover as much of a specific protein’s sequence as possible (only a few,
ideally unique, peptides are necessary to identify a protein). Using
tandem MS, specific PTMs can be assigned to specific fragments, and
then to specific residues. As above, to assign specific modified residues, a
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contiguous fragmentation pattern that allows loss of the specific PTM at
the specific residue should be observed (Fig. 1c: bottom panel). Alter-
natively, specific PTM-associated proteins/peptides can be enriched
from samples/crude extracts. Enrichment can be achieved using affinity
resins; for instance, anti-R-ε-GG antibodies for ubiquitin modifications.
Subsequently the proteins or peptides harboring specific PTMs can be
analyzed by MS. In our investigations into electrophile PTMs within
specific proteins, we have frequently deployed MS to identify modified
residues. This has been performed in in vitro purified samples, as well as
proteins derived from cells in which the proteins are either overex-
pressed or expressed at endogenous levels,17 often with an epitope tag.
Just as all other MS methods, we point out that detection of modified
peptides can only be as good as those peptides are volatile, ionizable,
and stable. Moreover, many modifications involve stable bond forma-
tion, such as isopeptides, or monophosphates, and are relatively easy to
detect by MS. However, many of the PTMs we and others work with are
labile. These include cysteine modifications by Michael-acceptor-
derived electrophiles and related electrophilic drugs. These often need
specific mild volatilization and ionization conditions. Indeed, not
observing an expected modification does not mean that no modification
has occurred. Conversely, observing a modification gives little indica-
tion of stoichiometry and biological relevance. Thus, in terms of residue
modification identification, the PTM-mapping MS data should always be
independently investigated by orthogonal approaches including func-
tional mutagenesis in relevant systems.

3.1.3. Protein truncations – things are getting interesting, not worth cutting
it short?

MS can also be used to assign cleavage position of specific proteins.
This often uses a technique called digest sequencing. As with PTM-
mapping, this experiment uses purified protein, with the aim of
achieving very high coverage, to allow assignment of the total sequence
of the protein present. In this instance, having a control, full-length
protein, as well as good coverage, are particularly important. None-
theless, it can be difficult to be totally confident of cleavage site. Indeed,
it is often worth attempting several proteases to try to ensure that correct
terminal coverage has been achieved.

3.2. Intact mass spectrometry − taking the whole weight

Intact MS measures molecular weight of whole proteins, potentially
with PTM or bound ligand. It can be performed on native, or denatured
proteins. Fragmentation of ions by tandem MS is possible, allowing
primary sequence to be identified. There are two principal methods of
ionization currently used in intact MS: electrospray ionization (ESI); and
matrix assisted laser desorption ionization (MALDI). ESI is compatible
with HPLC, and so it is used almost exclusively in digest proteomics and
other automated procedures. ESI is also believed to favor fragmentation
relative to MALDI, aiding sequence assignment. MALDI requires the use
of a matrix and hence is not so readily applicable to automated pro-
cedures. However, MALDI is often used to measure total protein mass,
and validate in vitro protein synthesis/modification procedures as it is
less prone to ion fragmentation.

Intact MS has some other interesting applications beyond simple
mass measurements. MALDI has been adapted to MS imaging, where the
intensities of ions for a specific analyte are measured across a suitably
prepared biological sample. This method has relatively high resolution
(~10 µM), which is on the order of the size of a nucleus.18 It can measure
both small molecules and proteins. Other interesting avenues are the
measurement of conformational changes,19 native complexes and
dynamical associations. Intact MS is also commonly used in C-terminal
MS sequencing, where exocarboxypeptidases are used to winnow the C-
terminus one amino acid at a time to allow sequencing (Fig. 1d).

4. Other methods to determine primary structure – an interesting
side dish

4.1. Edman degradation – chemical N-terminal sequencing

Applicability: purified protein
Main structural aspect investigated: N-terminus
Others general applications: few
Is it quantitative? no

N-terminal processing of proteins is relatively common, due to N-ter-
minal methionine cleavage, and signal peptide cleavage. Although N-
termini can be sequenced by digest MS sequencing, there are always
potential worries about how complete coverage is, potentially leading to
aberrant assignment of termini. An alternative to this approach is Edman
degradation, a chemical method to directly determine the N-terminus of
proteins. Although it requires a relatively large amount of sample, it is
particularly precise and can give reads of up to ca. 20 amino acids, which
is typically of sufficient length to assign positions of truncation, for
example. Edman degradation is certainly a good option if a large
quantity of the purified protein is accessible, and a new N-terminus is
expected within the cleavage fragment. It is worth noting however that
Edman degradation is blocked by N-terminal modification, such as for-
mylation/acetylation, although this is not common for cleaved peptides.

5. Methods to determine three-dimensional structure – returning
to the fold for the main course

Having negotiated “the first course”, and identified a protein, its
modifications, and truncations, it is now important to start asking some
more specific questions. Indeed, although primary structure information
is hugely important, in the end, protein folding, i.e., secondary structure
and beyond, are key to open a window into the soul of one’s favorite
protein. There are several methods applicable to answer these questions.

5.1. Crystallography – peering into infinity

Applicability: purified protein
Main structural aspect
investigated:

all structural elements and ligand
associations

Other notes: little limit in size or other parameters
Is it quantitative? N/A

Crystallography is a venerable structural method that has its roots in the
genesis of structural biology and structure-guided enzymology. Indeed,
since the structure of lysozyme was solved by David Chilton Phillips in
1965, revealing several important aspects of how enzymes function,
protein structure has been considered to give crucial insights into the
inner workings of proteins. This has extended to ligand interactions, and
inhibitor mode of action. With almost 60 years of work behind it, there is
now a huge inventory of structures available in the Protein Data Bank
(PDB). This is a very useful resource for rationalizing interactions, and
predicting mutants. For instance, when we identify an electrophile-
sensitive cysteine, we typically investigate its surface availability, and
surrounding residues by perusing the crystal structure. Of course, not all
proteins have been crystallized, and even less so have been crystallized
with specific ligands bound. New additions to the structural armory,
particularly α-fold (2) that can predict protein structure from primary
sequence have helped broaden the remit of our structural understand-
ing.20 This trend has extended to drug design and discovery,21 although
this is not the focus of our perspective. Of course, care should be exer-
cised when interpreting computed structures and common pitfalls un-
derpinning modern structural prediction tools have been nicely
reviewed elsewhere.22 In our case, we often use Swissmodel to perform
homology modeling,23 for instance of zebrafish proteins, for which there
are rarely structures available.24

In the context of empirical crystallographic data, conditions under
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which specific crystal structures were obtained (pH, ionic strength,
reducing agents, etc.), the presence or absence of ligands, and also the
overall resolution, as well as the B-factors across the crystal structure,
are worth closer attention. The B-factor—often referred to as the tem-
perature factor—reflects precision within the structure. This should be
relatively low for well-defined atoms, but can become large for atoms
whose precise structure is not defined. A similar logic applies to overall
resolution: as resolution increases, the B-factor should diminish.25 We

illustrate this point by putting side by side crystal structures of
glutathione-S-transferase with 3.00 Å and 1.97 Å resolution, respec-
tively (Fig. 2a). It is clear that the B-factors for some atoms are much
larger in the former. Emerging frontiers of this method include
observing chemical/enzymatic processes within crystal structures,26

although the rigid packing in the crystals may limit the scope of such
efforts.27

Of course, crystallography is perhaps the most sensitive method to

Figure 2. Different structural techniques discussed in the main text. (a) Two different structures of human GST-α4.4 dimers at high (PDB: 3IK7) and low (PDB:
1GUM) resolution. For each structure, a monomer is colored by B-factor, blue lowest to red highest, as per the scale on the right. (b) Representative pictures of
different conformations of RNR-α hexamers detected by treatment with different drugs. Figures reproduced from Fu et al. Nat Chem Biol 2018 14 943. Image
copyright belongs to the authors of this perspective. (c) Number of structures deposited in the PDB per year based on method. (d) HSQC NMR spectrum, with some
rough guide-lines about characteristic peaks. See manuscript text for details. (e) Human dihydrofolate reductase shown as both an NMR (PDB: IYHO) (top panel) and
a crystal structure (PDB: 3NZD) (bottom panel) in ribbon form.
Source: PDB Statistics (rcsb.org)).
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protein purity and compatibility with the method itself. Indeed, for most
crystallographic efforts, large amounts of pure protein are required.
Transmembrane proteins can be particularly difficult to analyze by these
methods, and a host of methods aimed precisely at crystallizing mem-
brane proteins28 have been reported.29

5.2. Electron microscopy (EM) – is the atmosphere getting electric?

Applicability: purified protein, or potentially mixtures
Main structural aspect
investigated:

all structural elements and ligand associations

Other notes: little limit in size or other parameters
Is it quantitative? specific particles in a sample can be classified

and quantified

EM is becoming one of the most powerful structural methods. This
method is applicable to answer questions pertaining to gross structural
arrangements, principally by negative stain EM. But it is also able to give
high resolution information (up to ~1.5 Å) in the form of cryo-electron
microscopy.

5.2.1. Negative stain EM – it’s OK to focus on the negative
Negative stain EM is a technique that is robust and can give gross

structural information, particularly of large proteins, complexes and
aggregates. It has relatively low resolution, ~10–20 Å, and hence is not
particularly useful for small proteins <~80 kDa, although some reports
claim that smaller proteins than this can be visualized.30 Negative stain
EM is applicable to homogeneous, as well as relatively non-
homogeneous samples, and indeed, for the latter case, negative stain
EM is preferred to cryo-EM. In this way negative stain EM can give in-
formation on conformational heterogeneity, for instance, during enzy-
matic activation and associated changes in conformational dynamics.
We have used this method to classify specific conformationally-distinct
hexamers of the enzyme ribonucleotide reductase subunit-α (RNR-α,
monomer weight, ~90 kDa) induced by different approved nucleotide
therapeutics that target RNR-α (Fig. 2b). We further backed up the
negative-stain-EM-derived conformationally distinct states of the
resulting hexamers, by demonstrating that different hexamers shaped by
different drugs were differentially susceptible to protease digestion.

5.2.2. Cryo-EM – putting things on ice to get a better perspective
Cryo-EM is a high-resolution method that can give the same level of

structural detail and insight as X-ray crystallography. Such outputs are
possible because at very low temperatures damage caused by electron
beams (that is high at room temperature) is limited. Cryo-EM typically
requires relatively high structural homogeneity, although strategies to
deal with heterogeneity are available.31 This method is applicable to
both soluble andmembrane proteins.32 Indeed, in the last 10 years, cryo-
EM has been the largest source of membrane protein structures.33 The
number of total EM-structures deposited to the PDB has increased year
on year in this time, although X-ray structures still constitute the largest
single soure of structures in the PDB34 (Fig. 2c).

5.3. NMR – take advantage of the rough and tumble

Applicability: purified proteins & either small-molecule or
biomolecule-based ligands

Main structural aspect
investigated:

all structural elements and ligand associations

Other notes: large proteins are not amenable to this method;
high solubility can be needed

Is it quantitative? capable of providing a large amount of
quantitative information

Solution NMR is a structural method that investigates specific spin-
active nuclei, for instance, hydrogen or nitrogen, in a sample. As the
method is particularly sensitive to nuclear environment, in an NMR
spectrum, non-equivalent nuclei within a sample show up as specific

peaks, each of which have a defined value, referred to as a chemical
shift. In standard protein NMR measurements, 1H and 15N are used in a
two-dimensional experiment, to separate out peaks that would other-
wise be occluded in one-dimensional experiment. In this experiment
broadly known as heteronuclear single quantum coherence (HSQC),
N–H bonds show up as specific peaks in a two-dimensional grid. Thus,
the technique focuses specifically on peptide N–H bonds, as well as
sidechain N–H’s, such as tryptophan aromatic N–H and asparagine/
glutamine NH2 (Fig. 2d); typical spectra run from 6-11 ppm for 1H, and
105–140 ppm for 15N. Several of these residues, as well as specific
peptide N–H bonds have relatively characteristic chemical shifts that
can aid rapid analysis of spectral quality (e.g. glycine typically has
relatively low 15N chemical shifts (~110 ppm); glutamine/asparginine
NH2 usually have low 1H (~7.5 ppm) and 15N (~110 ppm) chemical
shifts and have two protons on same nitrogen; tryptophan aromatic NH,
usually has high 1H (10.5 ppm) and 15N (130 ppm) chemical shifts). It
should be noted that the natural isotope of nitrogen contains an even
number of protons and neutrons within its nucleus, and is silent in NMR.
It is thus necessary to feed bacteria for protein preparation with heavy
nitrogen (15N, typically in the form of heavy ammonia), in minimal
media in order to prepare proteins for NMR.

One of the standard limitations of NMR was classically the size of
molecule that can be measured. This limitation traces its roots back to
the fact that NMR relies on molecular tumbling, that leads to the line
breadth of samples increasing as the size of the molecule increases. This
effect is prohibitive for molecules of several kDa’s in size. With the
advent of highly powerful spectrometers and transverse relaxation-
optimized spectroscopy (TROSY) pulse sequences, that seek to limit
the effect of line broadening due to size, it is now quite feasible to
measure NMR of proteins in excess of 50 kDa, although, very large
proteins are still problematic.

NMR can give a large amount of both qualitative and quantitative
structural information. In general, NMR spectra can inform on protein
folding. Spectra manifesting well-dispersed peaks are often indicative of
a complex, heterogeneous environment provided by a protein structure.
Folding states of different mutants can be compared by investigating
changes in peaks upon mutation – in general, residues spatially close to
the mutated site will change, as NMR is particularly sensitive to chem-
ical environment. However, residues distal from the mutated site should
be unchanged. This can be defined by parameters such as minimal
chemical shift perturbations, i.e., the difference in chemical shift be-
tween each residue. A similar argument applies to ligand binding, where
chemical shift perturbations will occur only when an interaction occurs.
There are indeed a huge range of programs designed specifically for
NMR analysis, peak assignment, and the like.35

Determination of whether a protein is folded or not by NMR is more
or less independent of the assignment of peaks within the NMR spectrum
of the protein.36 However, to assign protein structure by NMR requires
more detailed information both in terms of peak assignment and spatial
distribution of the peaks. Oftentimes, further dimensions are needed to
separate out peaks better (usually 13C is used). Although NMR usually
provides information on through-bond interactions (i.e., unaffected by
spatial distribution), it can also provide information on proximity by
measuring through-space effects, using the nuclear Overhauser effect
(NOE).37 Thus, NMR has all the necessary properties to solve protein
structures. Aside from requiring a large amount of computational
analysis, such pursuits often require complex protein preparation pro-
cedures, which can be technically difficult. Of course, numerous pro-
teins have already had their NMR structures solved, including peak
assignments, which simplifies matters considerably. One aspect that is
particularly striking when viewing NMR structures of proteins versus X-
ray crystallographic data, especially, is that the former show many
conformations of the protein (Fig. 2e). This is because in solution the
protein structure can “breathe”, whereas in the restricted environment
of a crystal mostly the protein is fixed in (a small number of)
conformations.
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NMR indeed is a uniquely versatile method that lends itself to
numerous specialized procedures that we cannot completely cover here.
Aside from using heavy isotopes to allow NMR visualization, the
incorporation of atoms not present endogenously, particularly fluorine
(19F) open means to simplify spectra, and potentially improve respon-
sivity. There are also numerous NMR experimental approaches that are
ideally suited to answer specific biological questions. Protein ligand
interactions and screening can be studied by several techniques,
including saturation-transfer difference (STD) NMR,38 a technique based
on NOE. Moreover, proteins can show a gamut of different motions,
associated with simple bond rotations, and larger conformational
changes. NMR is equipped to study many, if not most of these dynamical
changes.39

5.4. Circular dichroism – the right time to split?

Applicability: purified protein
Main structural aspect
investigated:

secondary structure, stability, and ligand
association

Other notes: no real limit in size, but high analyte
concentration can affect low wavelength
absorbance, limiting data acquisition

Is it quantitative? can give percentage of secondary structure, but
this is a rough guide

Residue-specific information is typically critical for understanding, for
instance, how mutations affect protein structure, or potentially how
ligand binding occurs. However, in many instances, a more global view
of protein structure is sufficient, or perhaps even preferred. In this case,
CD can be particularly useful. This technique informs on protein sec-
ondary structure. Characteristic CD spectra for α-helices and β-sheets are
established, and are significantly different from each other and unfolded
polypeptide chains. Based on these behaviors, there are several pro-
grams that can assign structural composition based on CD spectra,
although these likely should be interpreted carefully. One simple test is
to use analogy to published crystal (or more ideally NMR) structures to
see if the secondary structural characteristics are sensible.

We have regularly used CD spectra to compare gross structural
similarities across recombinantly expressed mutants. We have also used
CD to show that there are gross structural changes in specific proteins
when they are treated with reactive electrophilic ligands. Other uses of
CD include measuring thermal stability of proteins. This technique can
also be applied to assessing mutant proteins, which ideally should be
similarly stable to the wt-protein. Ligand binding can also be measured.
In general, ligand binding should stabilize bound proteins, typically with
a change in temperature related to the Gibbs free energy of binding-the
higher the affinity, the larger the thermal stabilization.36 Assays that use
fluorescent-dye binding to assess protein stability can give similar in-
formation, and are amenable to high-throughput experimentation.40

However, CD remains a preferred method if relatively few mutants or
conditions are to be investigated.

5.5. Small angle X-ray scattering (SAXS)

Applicability: purified protein (ideally free of aggregates, and
contaminants)

Main structural aspect
investigated:

protein aggregation, size, shape, and ligand
binding (relatively low resolution)

Other notes: no real limit in size
Is it quantitative? can provide kinetics or information on structural

changes

SAXS is a solution method that can inform on relatively large structural
perturbations/transitions/polydispersity in macromolecules. In many
ways it is thus complementary to crystallography and other similar
methods that offer more profound structural information. In several
instances it has been used in conjunction with those methods. SAXS can
provide several parameters that correlate with important physical

parameters in solution. These include the radius of gyration, Rg, which
relates to the overall size of the molecule in solution, molecular weight
and maximum dimension (Dmax). These parameters can be compared to
those calculated for specific proteins, to understand specific aspects of a
protein such as folding and flexibility. Improvements in data collection,
and analysis have allowed for increases in rapidity of SAXS experiments,
and uses available.41,42 Nonetheless, SAXS requires a strong X-ray beam
source and is usually performed at a specialist facility using synchrotron
sources.

6. Methods investigating function – just a taster for dessert, but
who knows where it go?

In the end, protein structure, modification, and the like are mainly
methods to gain deeper comprehension of protein function. We thus end
our tasting menu with a dessert trolley presenting somemethods that we
commonly deploy to detect enzyme activity and protein functional as-
sociations. This section, like the above, is by no means exhaustive, but it
should inform on choice of assay.

6.1. Enzyme kinetics – hooking up again, or making a quick exit?

Applicability: purified protein, lysates, or potentially cells
Main structural aspect
investigated:

all aspects of protein structure as these are all
linked to activity

Other notes: no real limit in size
Is it quantitative? highly quantitative and sensitive; can be used to

quantify absolute amounts of protein

For purified enzymes, or enzymes in complex mixtures, particularly
those overexpressed, enzyme kinetics constitutes a diagnostic, quanti-
tative, and accurate means to assess protein expression and folding.
These assays can be readily extended to inhibition, and activation.
Indeed, to assess concentration of enzymes, active-site titrations, are
considered the most accurate. Numerous methods exist for measuring
enzymatic activity. In general, a continuous assay that can be measured
by absorbance, fluorescence, etc., in real time gives the simplest pro-
tocol. Several fluorescent assays can now be deployed in live cells, or
even live model organisms. This offers good flexibility and offers new
possibilities after initial discovery phases. However, for proteins that are
not particularly active, or whose chemistry is not amenable to such as-
says, numerous radioactive, western blot, and bead-based assays exist.
In the case of RNR-α despite there being several reported activity assays
for this enzyme, we have typically opted to measure conversion of radio-
labelled [5-3H]-CDP as it is highly sensitive, and with sufficient practice,
progress curves and time-dependent inhibition can be efficiently
measured.

6.2. Analytical chromatography – (hydrodynamic) size can matter

Applicability: purified protein, specific mixtures, or lysates
Main structural aspect
investigated:

protein quaternary associations

Other notes: no real limit in size
Is it quantitative? highly quantitative and sensitive, size resolution

depends on column properties

This is a method to separate proteins by size, with the largest proteins
eluting first. Several different columns with different optimal size res-
olution parameters are available for assay optimization. This method is
often deployed to separate different oligomeric states of proteins (for
instance for X-ray crystallography, or when a specific oligomer of a
protein is active43), to assess association, or to fractionate protein mix-
tures. Of course, in order to be suitable for analysis by analytical chro-
matography complexes must be relatively stable (certainly on the order
of ~1 h, the time needed for a typical run). We have deployed this
method to study the effect of RNR-α binding drugs on protein oligomeric
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state both with purified proteins and proteins isolated from cells
(Fig. 3a). In both instances, we showed that these inhibitors—either by
direct treatment of purified protein or following drug treatment of
cells—all caused RNR-α to shift to a higher molecular weight, hexameric
form.

6.3. Fret-based association assays – changing colors

Applicability: purified protein, specific mixtures, lysates
or cells

Main structural aspect
investigated:

protein quaternary associations

Other notes: no real limit in size
Is it quantitative? highly quantitative and distance sensitive

Fluorescence resonance energy transfer, FRET (and the closely related
bioluminescence resonance energy transfer, BRET) occurs when two
fluorophores with matching wavelengths (one a donor, with higher
wavelength of excitation, the other an accepter with lower wavelength
of excitation) are brought into proximity, for instance by an associa-
tion44 or a large change in conformation.45 When the two fluorophores
are in proximity, excitation of the acceptor fluorophore leads to exci-
tation of the donor fluorophore through energy transfer. Thus, the
emission of the acceptor decreases, while the emission of the acceptor
increases. Because FRET/BRET are very sensitive to distance between
the fluorophores, these methods can give accurate indication of dis-
tances between differently fluorescently-labeled proteins. We used this
method to create a FRET reporter assay for RNR-α hexamerization
(Fig. 3b) that does not rely on the relatively arduous radioactive activ-
ity/inhibition assay. In this case, we used non-site-specifically-
fluorophore labeled recombinant RNR-α monomers that were mixed
together. FRET is possible with fluorescent proteins, typically CFP and
YFP are used. We have used several FRET-based reporters, developed by
the Zhang laboratory, to report on activity of kinase AKT in live zebra-
fish larvae beyond cultured cells, for instance. Co-expression of differ-
entially fluorescently labeled receptors that undergo clustering during
signaling has also been used.46

7. Conclusion – got a taste for biophysics?

Biophysical methods present a varied and rich fleet of methods that
are complementary to other biological and chemical-biological in-
vestigations, and can provide unique insights in of themselves. Their
deployment often requires specific experimental equipment or tech-
niques, although these are often available at core facilities or through
collaboration. We hope that this piece has whetted your appetites for

biophysical experiments.
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