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Summary

We developed a cost sensitive isotope labelling pro-
cedure using a fed-batch fermentation method and
tested its efficiency producing the 15N-, 13C- and
15N/13C-labelled variants of an amyloidogenic minipro-
tein (E5: EEEAVRLYIQWLKEGGPSSGRPPPS). E5 is a
surface active protein, which forms amyloids in solu-
tion. Here, we confirm, using both PM-IRRAS and AFM
measurements, that the air–water interface triggers
structural rearrangement and promotes the amyloid
formation of E5, and thus it is a suitable test protein to
work out efficient isotope labelling schemes even for
such difficult sequences. E. coli cells expressing the
recombinant, ubiquitin-fused miniprotein were grown
in minimal media containing either unlabelled nutri-
ents, or 15N-NH4Cl and/or

13C-D-Glc. The consumption
rates of NH4Cl and D-Glc were quantitatively moni-
tored during fermentation and their ratio was

established to be 1:5 (for NH4Cl: D-Glc). One- and two-
step feeding schemes were custom-optimized to
enhance isotope incorporation expressing five differ-
ent E5 miniprotein variants. With the currently opti-
mized protocols we could achieve a 1.5- to 5-fold
increase of yields of several miniproteins coupled to a
similar magnitude of cost reduction as compared to
flask labelling protocols.

Introduction

The 5-10 mg scale production of non-selective isotopic
labelled polypeptide hormones (e.g. insulin, incretins;
Baeshen et al., 2014) and miniproteins (e.g. Trp-cage,
cyclotides, PPα-Tyr; Neidigh, 2002; Baker et al., 2017;
Gould, 2017) is crucial for structure determination, bind-
ing studies, lead optimization etc. Solution or solid-state
NMR structure determinationis practically the only
experimental method to provide atomic-level structural
information concerning shorter or midsize proteins
requires labelled materials for thorough investigations
that reveal the structure and dynamics of such sys-
tems. Before the widespread use of recombinant
expression methodologies, solid phase peptide synthe-
sis (SPPS) was the only way to produce 15N, 13C
labelled peptides but at extreme costs (Merrifield,
1964). The latter method requires N-protected isotopic
labelled amino acid residues, largely increasing the pro-
duction cost, especially for longer peptides or proteins
(Stráner et al., 2016). In contrast, recombinant expres-
sion is a widely used environmentally friendly (green)
and economical technique. Using a suitable strain of
E. coli bacteria, high growth rates and fast protein pro-
duction can be achieved, expressing directly the required
gene or its constructs, such as the gene cloned side-by-
side with a selected fusion protein. Host cells can be
cultured and genetically manipulated in a water-based
environment. Isotope labelling in bacteria is also
cost-effective, as only two ingredients, NH4Cl and
D-Glc, have to be 15N and 13C labelled to achieve
uniform 15N-, 13C-incorporation.
The challenge in expressing medium-sized (20–40

residue-long) polypeptides or miniproteins is that their
size makes them extremely vulnerable to proteolytic
degradation. However, applying suitable fusion tag pro-
teins (glutathione-S-transferase, GST; thioredoxin, TRX;
ubiquitin; small ubiquitin-related modifier, SUMO;
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ketosteroid isomerase, KSI; Williamson et al., 2000;
Bogomolovas et al., 2009; Panavas et al., 2009; Zorko,
2010) has been identified as a powerful strategy to over-
come this difficulty. In this work, we used ubiquitin as a
fusion tag (Bommarius et al., 2010). Ubiquitin fusion sys-
tem has numerous advantages: the ubiquitin tag is rela-
tively small (11 kDa), hence the target peptide has larger
contribution to the total mass of the fusion protein and
the yeast ubiquitin hydrolase (YUH) enzyme can cleave
the fusion protein from the polypeptide without any
remaining and unwanted residue at N-terminus (Kohno
et al., 1998). One of the major drawbacks of bacterial
expression systems are that in certain cases the expres-
sion levels can be too low (< 1–2 mg l−1). Eukaryotic
proteins without post-translational modifications essential
for their fold, toxic peptides, peptides or proteins with
aggregation tendency and proteins lacking their complex
disulfide bond pattern are typical systems inefficiently
synthesized by bacteria. Changing the host cell to a
higher organism (yeast, insect or mammalian cell) can
be a solution to this problem; however, it extremely
increases the isotope labelling costs. Another option is
upscaling, however large volume apparatus (e.g. 30-50
l fermenter) are still uncommon in most academic labora-
tories.
During scale up, the number of cells is augmented,

achieved either by a volumetric increase of the cell cul-
ture or by concentration enhancement. In an everyday
biochemical environment even a moderate scale
increase, for example from 1 to 10 l, introduces unex-
pected challenges to work with. In addition, this strategy
results in the vast loss of isotope labelled ingredients.
Furthermore, if instead of using a single batch, multiple
flasks are in use, then the differences in metabolic rates
can result in severe timing issues (e.g. induction and/or
harvesting) to be matched. On the other hand, if cell
concentration is increased to reach a higher yield by
using a fermenter for example, then normal size labora-
tory equipment as well as improved and tunable biotech-
nology protocols can be applied (Klopp et al., 2018).
However, the close monitoring of the pH, air flux and the
concentration of selected metabolites requires a disci-
plined and automation-oriented technology.
When conditions such as temperature, pH, nutrient

concentration, oxygen concentration for aerobic strains,
etc., are optimal, bacteria grow at an exponential rate.
However, if conditions are inappropriate, growth
becomes limited. In nutrient limited growth, the rate lim-
iting molecule is that which the medium runs out of the
first, introducing a lag-phase, followed by a slower-than-
exponential phase that utilizes an alternative nutrient
(diauxic growth). The change caused by the petering of
the limiting nutrient is called the diauxic shift (Monod,
1942). During exponential growth, the dissolved oxygen

concentration steadily decreases, as the volume of the
biomass increases. However, during the lag-phase
there is practically no bacterial growth, and thus the
oxygen concentration increases, indicating a shortage
of a limiting nutrient. Several fermentation protocols to
produce recombinant proteins are known in the litera-
ture. Working with labelled nutrients, cost-effective
batch and fed-batch fermentation techniques are usually
applied along the entire process (Studts, 1999; Ross
et al., 2004). Cai et al. (1998) used a fed-batch fermen-
tation process for 15N- and 13C/15N-labelling, in which
the cells were grown in the presence of unlabelled iso-
topes in the initial phase. In a comprehensive study,
several fermentation protocols were implemented with
auto- or IPTG-inducing on minimal or rich media (Klopp
et al., 2018).
Here we present an economical fermentation protocol

to produce isotope labelled polypeptides and minipro-
teins. During the development of our protocol we used a
self-aggregating sequence, E5 (EEEAVRLYIQWLK-
EGGPSSGRPPPS; Rovó et al., 2013) derived from
Exendin-4 miniprotein as a test system, which forms
amyloid near the physiological conditions (80 µM <
cprot. < 800 µM, 10 mM < csalt < 100 mM, 4 < pH < 5,
T = 37 °C) after a few hours (Taricska et al., 2020) and
thus disturbs and hinders high yield protein expression.
We examined the structural rearrangement of E5 at air–-
water surface and its dependence on storage time. By
using both PM-IRRAS and AFM measurements early
amyloid formation triggered by the air–water interface
could be effectively monitored. We then successfully
applied our new protocol for the expression of Exendin-4
itself and its further variants, namely E11, E19, Tc5b-
D9N (Rovó et al., 2014; Scheme 1).

Results and discussion

Our fermentation method for non-selective isotope label-
ling (15N, 13C) is based on the fact that the isotope carry-
ing (15N-NH4Cl and

13C-D-Glc) components are added
to the cell culture at the time of the diauxic shift, t1
(Fig. 1A). Prior to this, unlabelled 14N-NH4Cl and

12C-D-
Glc are the exclusive nitrogen and carbon sources used
in the minimal medium (batch phase, between t0–t1;
Fig. 1A). As both the isotope source and the timing were
examined thoroughly, the synchronized induction led to
optimal use of isotope sources: predominantly to pro-
duce the required protein. In practice, cytosolic accumu-
lation of both the ingredients and the metabolites could
result in incomplete labelling, therefore it is common to
overuse the isotope source, adding them in two consec-
utive steps (first feeding phase, between t1a–t1b and sec-
ond feeding phase, between t1b–t2; Fig. 1B; Cai et al.,
1998). As the superiority of two-step feeding has never
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Scheme 1. The primary sequence of Exendin-4, a drug used in the treatment of type II Diabetes Mellitus and its four variants: E5, E11, E19,
Tc5b-D9N.

Fig. 1. Comparison of the two batch-fed strategy. (A) During isotope labelled expression using one-step and (B) two-step feeding scheme, the
dissolved oxygen (%) was monitored as function of the time. The relative consumption of D-Glc (green triangle) and NH4Cl (orange triangle) are
depicted schematically above using solid colours for 13C- or 15N-, while striped colours for natural abundant (12C- or 14N-) ingredients. Purple
arrow points to the time of induction. t0: beginning of fermentation; t1, time of feeding; t1a, t1b, time of the first or second feeding; t2, end of the
fermentation. Selected 1H-NMR signals of backbone amid H(N) of Glu3 of 15N-labelled E5: using either (C) the one-step (red line) or (D) two-
step feeding (blue line) fermentation protocol. The doublet stands for the 1H-15N one-bond coupling non-existent in a 1H-14N system resulting in
a singlet. (E) Monitoring both D-Glc (green dot) and NH4Cl (orange dot) concentration (g�l−1) changes with variation of the dissolved oxygen
(%) (blue line) as function of the fermentation time (min).

ª 2021 The Authors. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology., Microbial
Biotechnology, 14, 1107–1119

Isotope labelling for amyloidogenic proteins 1109



been unambiguously probed, we have carried out the
following two experiments. Using a one-step feeding pro-
tocol, the time of induction and isotope addition was syn-
chronized to the oxygen peak (Fig. 1A). During the two-
step feeding approach, one quarter of the total amount
of isotope is added in synchrony with to the initial oxy-
gen peak, followed by induction and addition of the
remaining three-quarters when the second oxygen peak
is detected (Fig. 1B). The extent of isotope incorporation
achieved with each protocol was examined by NMR
spectroscopy choosing one well separated signal. 1H-
NMR spectrum of 15N-E5 between 8.8 ppm and 9.1 ppm
reveals a doublet, with 1JHN-coupling of ~ 93.0 Hz with a
singlet at the centre (8.96 ppm), belonging to the unla-
belled derivative. Based on the ratio of integrals of the
doublet and the singlet signals, we determined the ratio
of the concentration of the labelled and unlabelled pro-
tein. This ratio was found to be 96% if the two-step feed-
ing protocol was applied, suggesting a more complete
isotope incorporation (Fig. 1D) than in case of the one-
step feeding protocol (Fig. 1C) when it was 91%. This
might be due to presence of greater excess of cytosolic
unlabelled metabolites in case of the latter. Based on
these findings, we selected the two-step feeding protocol
for further use.
It is important to distinguish whether the nitrogen or

carbon source is exhausted at the time of the diauxic
shift. Bacteria consume NH4Cl and D-Glc at a different
rate, however the ratio of the consumption rates remains
constant over time. Therefore, it is possible to determine
a priori whether NH4Cl or D-Glc will be the limiting nutri-
ent, if the characteristic ratio of consumption rates is
established. Thus, the concentration changes of the car-
bon and nitrogen source were measured as function of
the time using initially 10 g of D-Glc and 1 g of NH4Cl
(Fig. 1E). The concentration of NH4Cl was monitored by
absorption spectroscopy detecting the indophenol
directly derived from the ammonium ion. D-Glc

concentration was followed by commercial blood Glc
metre and by using a novel method quantifying the con-
centration of a D-Glc derivative by RP-HPLC. Concentra-
tion of D-Glc decreased rapidly, while that of NH4Cl
decreased only moderately. When NH4Cl was depleted
completely, more than 5 g of D-Glc remained in the
media. Hence, the ratio of the consumption rates of D-
Glc and NH4Cl was determined to be 1:5. This constant
was used as a benchmark value to develop the media
recipes for the various types of labelling methods, in par-
ticular the mass ratio of carbon and nitrogen sources.
For 15N-labelling, we used 1:10 15N-NH4Cl : unlabelled
12C-D-Glc mass ratio: to guarantee the continual excess
of D-Glc during the expression. 1:3 unlabelled or 15N-
NH4Cl:

13C-D-Glc mass ratio was used for the expression
of 13C- and 13C/15N-miniproteins, which results in nitro-
gen source overabundance. To generate 15N-isotope
labelled miniproteins, 1 g of unlabelled 14N-NH4Cl and
10 g of unlabelled 12C-D-Glc were loaded into the initial
media, using the following protocol: after the batch
phase, 0.25 g of 15N-NH4Cl (one quarter of the total
amount to be fed) was added, the second diauxic shift,
the remaining 0.75 g of 15N-NH4Cl was loaded into the
culture with additional 10 g of unlabelled 12C-D-Glc
ensuring the carbon excess. In parallel with the second
feeding, the induction of the protein expression was per-
formed. The applied protocols and labelling schemes are
summarized in Table 1 and described in detail in Sup-
plementary material (S1).
Next, our new protocol was tested on four further

miniproteins (namely: Exendin-4, E11, E19 and Tc5b-
D9N) using our fermentation strategy (Table 2). We
found that yields increased 1.5-5-fold with respect to
flask expression protocol suggesting that our new proto-
col is suitable for producing difficult-to-express minipro-
teins and peptides with satisfactory yields.
Immediate purification of the miniproteins following the

expression proved to be crucial, significantly affecting

Table 1. Summary of the initial and additional amount of D-Glc and NH4Cl added to the samples making either 15N or 13C as well as 15N/13C
labelled miniproteins.

Batch phase
t0 < t(min)a < t1a

First feeding phase
t1a < t(min) < t1b

Second feeding phase
t1b < t(min) < t2

N (g)b C (g)b N (g) C (g) N (g) C (g)

Uc Ld U L L U L U L

15N-miniprotein 1 0 10 0.25 0 0 0.75 10 0
13C-miniprotein 1 0 3 0 0.75 1 0 0 2.25
13C/15N-miniprotein 0 1 3 0 0.75 0 1 0 2.25

a. t0, t1a, t1b, t2 are the same codification as in Fig. 1A and B.
b. N = mass of NH4Cl; C = mass of D-Glc.
c. U = natural abundance isotopic source.
d. L = isotopically enriched (13C and/or 15N) source.
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the final yields. Following our first attempts, cell pellets
were stored at −20 °C after fermentation. The cells
which remained in frozen state at −20 °C for an
extended time, did not provide reproducible yields, most
likely due to aggregation processes leading to fibril for-
mation to various extents. This is probably caused by
the conformational heterogeneity of the systems that is
sustained even at −20 °C (Yang et al., 2015). The for-
mation of β amyloid fibril structure requires conforma-
tional change from the globular to elongated forms and
the formation of numerous intermolecular contacts
between the latter. If amyloid formation is triggered dur-
ing the expression, the overall yield will decrease due to
the precipitation of the fibrils.
Our isotope labelling (15N, 13C) protocol was devel-

oped using E5 known to be amyloidogenic sequence,

Table 2. Yield and cost comparison of the flask expression and fer-
mentation of Exendin-4 and four variants, namely Tc5b-D9N, E5,
E11 and E19. Ni-IMAC chromatograms of raw materials were used
to estimate the yields and the purity was checked by analytical
HPLC (an example for E5 is shown in Supplementary material S2).

Protein name and
labelling type

Calculated yielda

(mg l−1)
Estimated cost
(EUR/10 mg)

Ferm. Flask Ferm. Flask

E11, 15N 64.8 31.2 18.7 38.8
E19, 15N 150.2 33.5 8.1 36.2
E5, 15N 99.6 19.4 12.2 62.4
Exendin-4, 15N 87.0 31.4 13.9 38.6
Tc5b D9N, 15N 19.1 12.1 63.5 100.1

a. Raw material yield based on the integral volume of the absor-
bance curve (see methods), determined after completing the first Ni-
IMAC step.

Fig. 2. (A) Time dependence of the surface tension (γ) of ovalbumin (OVA, red dots), E5 (black rectangles) and bovine serum albumin (BSA,
blue triangles) at solution/air surface, OVA and BSA are included as a reference. (B) Representative PM-IRRAS spectrum of E5 recorded at the
air–water interface at 15 °C. (C) Secondary structure composition (purple rectangles: β-sheets; red circles: α-helices and random coil structures;
blue triangles: β-turn motives) of E5 interfacial films at 15 °C as a function of film age.
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which forms amyloid near physiological conditions after
a few hours in solution (Yang et al., 2015). We followed
the process by PM-IRRAS and AFM experiments. We
established that E5 suffers a structural rearrangement at
air–water surface causing reduced yields during protein
expression and purification.
The PM-IRRAS technology allows the measurement of

surface specific FTIR spectra of materials relying on the
differences in the reflection of p- and s-polarized light
from interfaces. This gives information of the chemical
composition, phase transition, structure and orientation
of the molecules in the examined sample. Polarization
modulation results in the elimination of the background
signals, such as water vapour and CO2, thus it is not
necessary to use protective gases or vacuum during the
measurements. E5 is a highly surface active molecule, it
accumulates promptly in air–water interfaces (Fig. 2A),

similarly to other well-known globular proteins like bovine
serum albumin (BSA) and ovalbumin (OVA). Thus, PM-
IRRAS measurements were carried out at the air–water
surface of spread E5 films (Fig. 2B). Multiple peaks
could be identified in the amide I region indicating the
presence of the protein molecules at the surface and
allowing for the determination of the protein secondary
structure (Shanmukh et al., 2005; Yang et al., 2015).
The most notable feature is the presence of prominent
peaks around 1630 cm−1 that can be assigned to
β-sheet structures. Since in bulk phase no β-structure is
detectable (Taricska et al., 2019), the appearance of β-
sheet and β-turn structures and the decreased presence
of random coil and α-structures points to surface induced
structural changes.
To characterize the time dependence of this structural

rearrangement, measurements were carried out at 15 °C

Fig. 3. (A) Percentage of β-sheet + β-turn structures 5, 60 and 120 min after film formation at 15 °C as a function of solution storage time.
Atomic force microscopy images of E5 interfacial films created from (B) freshly prepared solution, (C) solution stored for 7 days and (D) solution
stored for 14 days. White arrows indicate amyloid fibrils.
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subphase temperature as a function of film age. Already
in the first measurement, started within 1 min after film
deposition corresponding to a film age between 1 and

6 min, an excess in β-structures can be seen (Fig. 2C).
Over time a further time dependent reorganization could
be detected with an enrichment of β-structures. Due to

Fig. 5. (A) 1H-NMR spectrum of 15N-E5 expressed in fermenter. (B) The zoom of the 1H-NMR spectrum shows two different signal groups in
the H(N) region: one is a typical resonance of backbone peptide H(N) (right) with a doublet with 1J-coupling of 93.0 Hz (assigned to Glu3), while
the other belongs to the Trp indole side chain H(N) with a 1J-coupling of 99.0 Hz (left). (C) The zoom of the homonuclear 1H,1H NOESY spec-
trum proves that the three signals of Trp side chain and the two signals of the backbone belong to the same H(N) due to the same crosspeak
pattern.

Fig. 4. The comparative scheme of protein expression using either a flask or fermenter completed with both product purification and spec-
troscopy (MS and 1H-NMR) measurements. (A) and (B) routes stand for direct raw material yield measurements obtained either by flask or fer-
menter. (C) route depicts raw material purification followed by quality control measurements such as isotope incorporation with NMR
spectroscopy.
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the time resolution of the measurement technique the ini-
tial refolding could not be observed but finding predomi-
nantly β-structures even in the first measurements
indicate that it is a readily occurring, fast process.
We also found significant increase in the readiness of

β-structure formation in E5 solutions stored for extended
time periods at −20 °C. The lowest starting β-component
(72.5%) was observed for the freshly prepared solution,
while the corresponding value for the film prepared using
an E5 solution stored for two weeks at 4 °C is 85%. The
difference becomes smaller as the interfacial film ages,
converging to 85–90% (Fig. 3A).
Amyloid formation was also followed using AFM.

When the E5 interfacial film was created from a freshly
prepared solution, a typical, uniform molecular film could
be observed with AFM. Only a small number of aggre-
gates could be seen with typical diameters of
0.5–1.0 nm (Fig. 3B). Films created from samples stored
for 7 days exhibit a significantly altered morphology. The
surface is covered with small, uniformly sized aggregates
in the size range of 2–3 nm (Fig. 3C). These aggregates
could be identified as globular oligomers of the E5 that
can be considered as the primary building blocks of amy-
loid fibrils (Dovidchenko et al., 2014). Already in this state,
occasionally bigger fibril-like aggregates could be
observed. After 14 day of storage, while most of the sur-
face is still covered with the globular aggregates, many of
these have started to fuse together to form a network of
protofibrils. These protofibrils have the same diameter of
2–3 nm as the globular aggregates indicating that they
are most likely formed by the linking of these units (Fig. 3
D). Our findings indicate that in solution the secondary
structure of the miniprotein becomes unstable over time.
When the samples come into contact with an interface, it
can initialize the amyloid formation.
Because of this effect, target proteins were isolated

immediately, and purified a day after expression. To
achieve prompt comparison between fermentation and
flask expression methods, one-step purification was
applied. After a Ni-IMAC chromatography, the yields
were calculated from the peak area that belongs to the
target protein. The samples were purified using addi-
tional chromatography steps, if needed (Fig. 4).
Compared to the isotope labelling methods in flask, 2-

to 5-fold increase was reached in almost every case.
The estimated cost reduction followed the same pattern
in each case. The lowest yield development (1.5-fold)
was detected in the case of Tc5b-D9N, and the highest
in the case of E19 (5-fold). During the study of proper
isotope incorporation into 15N-E5, an unusual phe-
nomenon was observed. The zoom of the 1H-NMR spec-
trum between 8.7–9.9 ppm showed two different signal
groups in H(N) region: one is a typical resonance of
backbone peptide H(N) with a doublet with 1J-coupling

of 93.0 Hz (assigned to Glu3), while the other belongs to
the Trp indole side chain H(N) with a 1J-coupling of
99.0 Hz (Fig. 5A and B). The latter group is a doublet
with a singlet in the centre, indicating only partial isotope
labelling of Trp side chain. Similar effect was seen in the
1H,1H-NOESY spectrum (Fig. 5C). In contrast, the sig-
nals belonging to backbone H(N)s clearly demonstrate a
high isotope labelling ratio – in this region the intensity
of the unlabelled signals in the centre are very low. The
phenomenon is probably caused by the improper deple-
tion of unlabelled indole, the metabolic precursor of Trp,
which is present in increased amounts in the cytosol dur-
ing the diauxic shift (Gaimster, 2015).

Conclusion

Lab-scale fermenters ensure greater control of bacterial
culture processes and provide highly economical and
scaled-up procedures to prepare isotope labelled
miniproteins and peptides as compared to flask applica-
tions. Here we developed three protocols to produce
13C-, 15N- and 13C/15N-labelled miniproteins. Our strat-
egy consists of a batch phase, when cells grow in media
containing mostly unlabelled isotopes, and a feeding
phase, where the labelled isotopes were added in a two-
step manner We found that two-step feeding protocol
provides greater extent of isotope incorporation than
one-step feeding, and thus, could reach a 1.5- to 5-fold
increase of yields and a similar magnitude of cost reduc-
tion compared to flask labelling methods. Our finding
about improper isotope incorporation of the NH of the
Trp indole ring suggests, that in some cases indole reso-
nances might ‘underestimate’ the overall isotope incorpo-
ration efficacy.
The protocols are summarized here:

1. To produce 13C-labelled proteins, cells are grown in
minimal media containing 1 g of unlabelled 14N-NH4Cl
and 3 g of unlabelled 12C-D-Glc. At the first oxygen
peak 0.75 g of 13C-D-Glc is added, and at the second
oxygen peak further 2.25 g of 13C-D-Glc is added to
the media.

2. For making 15N-labelled proteins, cells are grown in
minimal media containing 1 g of unlabelled 14N-NH4Cl
and 10 g of unlabelled 12C-D-Glc during the batch
phase. At the first, oxygen peak 0.25 g of 15N-NH4Cl
is added, and at the second oxygen peak further
0.75 g of 15N-NH4Cl is added to the media.

3. To produce 13C/15N-labelled proteins, cells grow in
minimal media containing 1 g of 15N-NH4Cl and 3 g
of unlabelled 12C-D-Glc. At the first, oxygen peak
0.75 g of 13C-D-Glc is added, and at the second oxy-
gen peak further 2.25 g of 13C-D-Glc is added to the
media.
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The protocols described here are straightforward, cost
effective and can be adapted to produce any recombi-
nant protein, especially for those miniproteins which are
expressed with low yields due to their tendency of
aggregation and amyloid formation. This was demon-
strated for the case of E5, a miniprotein that is surface
active and suffers an immediate structural rearrangement
at air–water surface. We showed that the PM-IRRAS/
AFM methodologies can provide detailed molecular infor-
mation on aggregate formation. We propose that in case
of E5 the process is initiated by the formation of meta-
stable pre-aggregates of the globular form of the protein.
Reaching the air–water interface triggers the restructur-
ing and rearrangement of these pre-organized, high con-
centration clusters leading to β-amyloid formation. We
concluded that extended storage of such sensitive sam-
ples in solution or cell pellet form leads to extensive
material loss and thus should be avoided.

Experimental procedures

Cultivation

Fermentations were carried out in BIOSTAT A 2 L
benchtop bioreactor (Sartorius). The inoculation proce-
dure and fermentation protocols are presented in detail
in the Supplementary material. Culturing was typically
completed at 37°C, pH 7.0, 600 r.p.m. stirring,
1500 cm3 min−1 aeration. Expression was induced with
1 mM IPTG. Following fermentation, cells were pelleted
by centrifugation, followed by suspension in a Lysis buf-
fer (50 mM NaPi, 300 mM NaCl, pH 8.0) and stored at
−20°C. Flask expression controls were performed in
2YT media. For 15N-labelling, 1 g of 15N-NH4Cl and 4 g
of unlabelled 12C-D-Glc was added to the media. For
13C/15N-labelling, the media were supplied with 1 g of
15N-NH4Cl and 2 g of 13C-D-Glc.

Purification of the recombinant miniproteins

After thawing the suspension, cells were disrupted by
sonication and cell debris was removed by centrifuga-
tion. The supernatant containing the protein of interest
was purified with one of the two following methods
depending on further uses. (i) If prompt information
about protein yield was required, one-step Ni immobi-
lized metal ion affinity chromatography (Ni-IMAC) was
applied. The supernatant was loaded onto a HisTrap HP
5 ml column, and after washing with Wash buffer (Lysis
buffer containing 20 mM imidazole), the protein of inter-
est was eluted with Elution buffer (Lysis buffer containing
250 mM imidazole). Protein yield was calculated from
area of absorbance peak at 280 nm. At this point, the
samples could be flash frozen and stored at −80°C or
purified further according to the second method. (ii)

When purified samples were needed, the second strat-
egy, a three-step purification protocol was applied as
described (Rovó et al., 2013). Briefly, the sample was
dialysed against 2 l wash buffer twice, after the first Ni-
IMAC step. The ubiquitin tag was cleaved by His-tagged
YUH followed by a 3–4 h long digestion. Sample integ-
rity was checked by SDS PAGE. Both Ubiquitin and
YUH were removed during the second Ni-IMAC step.
Finally, the peptides were purified by RP-HPLC on a C-
18 column, using a water/acetonitrile gradient (eluent A
being 0.1% TFA in water and eluent B being 0.08% TFA
and 80% acetonitrile in water). Collected fractions were
pooled and lyophilized, and their identities were deter-
mined by a PerkinElmer Sciex API2000 mass spectrom-
eter equipped with an electrospray ionization source.

PM-IRRAS experiments

Doubly distilled water, checked by its surface tension
(72.0 mN m−1 at 25°C) and conductivity (<5 mS), was
used in all polarization modulation infrared reflection
absorption spectroscopy (PM-IRRAS) experiments as a
subphase and for the preparation of E5 aqueous solu-
tions. Surface films of the protein were created by care-
fully spreading 50 μl aqueous solution of E5 at a
concentration of 200 μM onto a subphase of freshly dou-
bly distilled water (pH 6.5) in a Langmuir-balance (Biolin
Scientific KSV Nima Medium trough). When otherwise
not specified, the E5 solutions were prepared with dou-
bly distilled water immediately before spreading. Sub-
phase temperature was controlled by a circulating
thermostat in the 7–25°C range. Polarization modulation
infrared reflection absorption spectra of the formed films
were collected in situ at the air–water interface using a
KSV Nima PM-IRRAS instrument, composed of a Four-
ier transform IR spectrometer equipped with a polariza-
tion modulation unit (Hinds Instruments, PEM-100, ZnSe
photoelastic modulator) on one arm of a goniometer and
a Peltier cooled detector on the other arm. The incident
angle of 76° relative to the normal of the air–water inter-
face was used during measurements to maximize signal-
to-noise ratio. The incident IR beam was modulated by
the photoelastic modulator at 1500 cm−1 frequency with
a retardation of λ/2. Using the modulator, it is possible to
simultaneously record two spectra, a sum or reference
spectrum and a difference or surface sensitive spectrum.
The resulting PM-IRRAS signal can be given by the fol-
lowing equation:

S¼ΔR
R

¼ Rp�Rs
� �

RpþRs
� � ,

where Rp and Rs are the parallel (p) and perpendicular
(s) polarized reflectances (Blaudez et al., 1993).
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Normalized spectra a given as

ΔS¼S�S0

S0
,

where S0 is the signal measured on pure water surface
at respective temperatures, while S is the signal from
the protein covered surface. For each spectrum, an
acquisition time of 5 min was used to record 3000 spec-
tra in the 800–4000 cm−1. Spectra showed good repro-
ducibility on separate films and the presented spectra
are the average of at least 5 recordings. The normalized
spectra were baseline corrected and the amide I band in
the 1600–1700 cm−1 range was subjected to peak fitting
using second-derivative peak identification and Gaussian
curve-fitting with the FITYK software.

Atomic force microscopy (AFM)

The interfacial films of the E5 miniprotein was also stud-
ied applying atomic force microscopy. Following the PM-
IRRAS measurements, the films were transferred onto a
solid support using the Langmuir–Schaeffer method.
Freshly cleaved mica was used as the flat substrate.
Transferred films were dried in vacuum before imaging in
air at room temperature. Sample morphology was studied
with a Nanosurf FlexAFM atomic force microscope, oper-
ating in dynamic mode. Tap190GD-G cantilever (Bud-
getSensors) with a nominal tip radius of less than 10 nm
was used for the measurements. Images were recorded
over 2 × 2 μm2 window areas at 10 randomly selected
locations with a resolution of 512 pixels/line.

Surface tension measurement

The surface tension of aqueous protein solutions (c =
0.1 g l−1) was determined with an accuracy of
0.1 mNm−1 by the axisymmetric drop shape analysis
using the OCA15 + instrument (Dataphysics, Filderstadt,
Germany). Apart from the E5 miniprotein, the surface ten-
sion of bovine serum albumin (BSA) and ovalbumin
(OVA) solutions were also measured as a reference. The
profile of capillary surface required to determine the sur-
face/interfacial tension is obtained by analysing the shape
of the pendant drop using a CCD camera coupled to a
video image profile digitizer board connected to a per-
sonal computer (Hill et al., 2008). Drop of 8 μl was formed
and the surface tension was recorded as a function of the
time for 20 min with a frequency of 10 frames per min.

Measurement of NH4Cl concentration

The NH4Cl concentration was measured by using the
Spectroquant Ammonium Test kit (Merck, Darmstadt,
Germany), using an eight-point calibration curve in the

0.0–140.0 mg l−1 range. This assay is based on the con-
version of the NH4

+ to an indophenol derivative via the
Berthelot reaction and the measurement of the absorp-
tion of the indophenol derivative (Searle, 1984).

Measurement of D-Glc concentration

The D-Glc concentration was measured using two differ-
ent methods. At higher D-Glc concentrations, a commer-
cial blood Glc meter (e.g. Méry Plusz TD-4255) was
employed. The instrument was five-point calibrated using
standard D-Glc solutions in the 2.0–10.0 g l−1 range.
Lower D-Glc concentrations (2.0 > c > 0.1 g l−1) were
measured using a D-Glc derivative, quantified by RP-
HPLC as follows (Iqbal, 2009). Cells were removed by
centrifugation and the diluted sample was filtered
through an Amicon Ultra Ultracel 3K 0.5 ml ultrafilter,
hence eliminating most macromolecular content. 200 µl
DNPH solution (10 mM 2,4-dinitrophenyl hydrazine, 1 V/
V% H2SO4, 4 V/V% H2O, 95 V/V% EtOH) was added to
200 µl filtrate and the mixture was incubated at 65°C for
1 h. DNPH and D-Glc reacted in a quantitative manner
and resulted in the UV active 2,4-dinitrophenyl hydra-
zone derivative. After derivatization, the sample was
separated by RP-HPLC on a Phenomenex Gemini C18
5 µm column using the same water/acetonitrile gradient
as mentioned above. The DNPH derivative’s peak area
(tR ≈ 12 min) was calculated and compared to D-Glc
concentrations: correlation was determined using a five-
point calibration standard of D-Glc from the 0.1–0.4 g l−1

concentration range.

NMR spectroscopy

15N-labelled miniproteins were dissolved in water
(c ~ 1 mM), and 10% D2O with 1% DSS standard was
added and pH was adjusted to 7.0. The NMR measure-
ments were carried out at T = 25 °C on a Bruker Avance
III 700 MHz spectrometer equipped with a 5 mm Prodigy
TCI H&F–C/ND, z-gradient probehead operating at
700.05 MHz for 1H nucleus. Temperature calibration was
performed using a standard methanol solution. All chemi-
cal shifts were referenced taking account the internal 1H-
resonance of DSS standard. 1H-NMR and 1H,1H-NOESY
(mixing time: 150 ms) spectra were collected. All spectra
were processed with the Bruker Topspin software.
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