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ARTICLE INFO ABSTRACT

Keywords: The phosphotransferase system (PTS), a metabolic pathway formed by five proteins, modulates the use of sugars
Binding in bacteria. The second protein in the chain is the histidine phosphocarrier, HPr, with the binding site at His15.
Circular dichroism The HPr kinase/phosphorylase (HPrK/P), involved in the bacterial use of carbon sources, phosphorylates HPr at
E:;f;:i’};:n Ser46, and it binds at its binding site. The regulator of sigma D protein (Rsd) also binds to HPr at His15. We have
NMR designed fragments of HPr, growing from its N-terminus and containing the His15. In this work, we obtained

three fragments, HPr38, HPr58 and HPr70, comprising the first thirty-eight, fifty-eight and seventy residues of
HPr, respectively. All fragments were mainly disordered, with evidence of a weak native-like, helical population
around the binding site, as shown by fluorescence, far-ultraviolet circular dichroism, size exclusion chroma-
tography and nuclear magnetic resonance. Although HPr38, HPr58 and HPr70 were disordered, they could bind
to: (i) the N-terminal domain of first protein of the PTS, EIN; (ii) Rsd; and, (iii) HPrK/P, as shown by fluorescence
and biolayer interferometry (BLI). The association constants for each protein to any of the fragments were in the
low micromolar range, within the same range than those measured in the binding of HPr to each protein. Then,
although acquisition of stable, native-like secondary and tertiary structures occurred at the last residues of the
polypeptide, the ability to bind protein partners happened much earlier in the growing chain. Binding was
related to the presence of the native-like structure around His15.

Protein-protein interactions

from the PET. Furthermore, it is unknown whether recognizable ele-
ments of native secondary structure form early in synthesis, and if
various are formed, whether they assemble in a hierarchical, native-like
manner. An approach trying to provide answers to the raised questions is
to study the nascent polypeptide chain in vitro under controlled condi-
tions, i.e., at equilibrium, in the absence of any chaperone and in
isolation from the rest of the components within the cell.

In response to environmental variations, bacteria adapt their meta-
bolism by turning on/off the expression of genes [6,7]. One of these
metabolic pathways is the bacterial phosphoenolpyruvate (PEP):sug-
ar-dependent, the so-called PEP-dependent phosphotransferase system
(PTS), which regulates the use of carbon sources. PTS intervenes in the
uptake and transport of several sugars through the cell wall [7,8].
Furthermore, it is also involved in: (i) bacterial movement towards
carbon sources (chemotaxis); (ii) nitrogen metabolism; and (iii) other
metabolic pathways [7-9]. PTS is formed by phosphoryl-transfer steps
from PEP, occurring through several proteins, and involving phos-
phorylation, for some of them, at histidine residues. The first two

1. Introduction

Proteins are synthesized by growing from their N terminus in vivo.
The co-translational folding of the nascent polypeptide chains is key to
maintain a fully operational proteome in cells [1-4]. Specific chaper-
ones bind to the nascent chains after they emerge from the peptide exit
tunnel (PET) on the 60S ribosomal subunit to facilitate their de novo
folding [4,5]. These accessory proteins ensure an effective folding and
prevent off-pathway reactions, such as aggregation or unspecific local
protein-protein interactions (PPIs) of the ribosome itself, or other
components of the translation machinery, with the nascent chain. The
studies of the chaperone complexes with the nascent chain have bloss-
omed with the recent use of cryo-electron microscopy [4 and references
therein], but the experimental strategies to detect the emergence of el-
ements of native-like protein structure during the polypeptide synthesis
on the ribosome, are still scarce. For instance, few details are known
about how the isolated nascent chain is folded, if it is, during its release
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Abbreviations

ANS 8-anilinonaphthalene,1-sulfonate
BLI biolayer interferometry

DHFR  dihydrofolate reductase

HPrK/P HPr kinase/phosphorylase

HPrK/P> the HPrK/P from Bacillus subtilis

CD circular dichroism

CI2 chymotrypsin inhibitor 2

DOSY diffusion ordered spectroscopy

EI enzyme I

EI*¢ EI from Streptomyces coelicolor

EIN the N-terminal domain of EI, containing its active site
EIN®* the EIN from S. coelicolor

GdmCl guanidinium hydrochloride
HPr histidine-phosphocarrier protein

HPr*¢ HPr from Escherichia coli

HPr* the full-length, ninety-three residue-long HPr from
S. coelicolor

HPr®3°  fragment comprising residues Gly9-Ala30 of the intact
HPr*

HPr38 fragment derived from HPr* consisting of the first thirty-

eight N-terminal residues of the intact protein

HPr48 fragment derived from HPr* containing the first forty-
eight N-terminal residues of the intact protein

HPr58  fragment derived from HPr*® containing the first fifty-eight
N-terminal residues of the intact protein

HPr70  fragment derived from HPr*® containing the first seventy N-
terminal residues of the intact protein

ITC isothermal titration calorimetry

NMR nuclear magnetic resonance

LB Luria-Bertani

PEP phosphoenolpyruvate

PET peptide exit tunnel

PPI protein-protein interaction

PTS PEP-dependent phosphotransferase system

Rsd regulator of sigma D

Rsd* the Rsd from Escherichia coli

RU resonance units in BLI experiments

SDS-PAGE polyacrylamide gel electrophoresis in the presence of
sodium dodecyl sulfate

SEC size exclusion chromatography

TFE 2,2,2-trifluoroethanol

TSP 3-(Trimethylsilyl)propionic-2,2,3,3-d4 acid

uv ultraviolet.

proteins in the cascade are common to all PTS substrates: the 64-kDa
dimeric phosphocarrier enzyme I (EI), which is phosphorylated by
PEP at a histidine; and the monomeric histidine phosphocarrier (HPr),
which is phosphorylated by EI at another histidine. The target proteins
of HPr are signal transductors, catabolic enzymes, transporters, and in
many cases, transcriptional regulators [8-11]. The proteolytic cleavage
of EI from Escherichia coli yields two domains [12], although these do-
mains are also present in other EI species [12-16]. The N-terminal
domain of EI (EIN) comprises, roughly, the first 230 residues of the
intact EI: it contains the HPr-binding domain and the active-site histi-
dine [16,17].

In Gram-positive bacteria, HPr has two phosphorylation sites. The
PEP-dependent phosphorylation of HPr occurs through EI, being His15
of HPr phosphorylated, and the final receptor is a sugar. In addition, HPr
is subjected to regulatory, ATP-dependent phosphorylation at Ser46 by
the HPr kinase/phophorylase (HPrK/P) [8,9,11]. We have recently
characterized the conformational and biophysical features of the iso-
lated HPrK/P from Bacillus subtilis, HPrK/Pbs [18], and we have shown
that it binds to intact HPr from Streptomyces coelicolor, HPr*® [19].

Bacteria also respond to changes by modulation of their transcription
machinery. Transcription in bacteria is carried out by a single multi-
subunit RNA polymerase. This protein interacts with the ¢ factors,
having a specific promoter recognition activity [20,21]. Bacteria have
several o factors; for instance, E. coli encodes seven factors: the primary
6’? factor and other six required for the transcription of more specialized
genes [22,23]. The anti-c factor of o%isa 158-residue-long protein, Rsd
(regulator of sigma D), that prevents the transcription of 6”°-dependent
promoters [24,25]. It has been shown that the de-phosphorylated form
of HPr in E. coli binds tightly to Rsd through its binding-site histidine,
inhibiting the complex formation between Rsd and 670 [26,27]. We have
recently shown that the Rsd from E. coli, Rsd®, binds the HPr from
Streptomyces coelicolor [28]. In S. coelicolor, there are as many as 65 ¢
factors and the interaction of any of their anti-c factors with HPr* has
not yet been identified [29].

Streptomyces is an actinomycete, Gram-positive organism with high
G + C content that grows on a variety of carbon sources. We have carried
out a description of the conformational stability and the interactions of
HPr* with EI, EI* [14,15,30-32], and the EIN*® domain [13,33]; as well
as the interactions among the phosphorylated species of both proteins

[33]. Based upon these findings, we have designed short peptides
interfering with the EIN* and HPr*® interaction, and exhibiting
anti-bacterial activity [32,34]. We have also shown that the fragment
containing the first forty-eight residues of HPr*’, HPr48, is mainly
disordered and it binds to EIN*, Rsd®® and HPrK/P" [19], and, most
importantly, it enhances the anti-bacterial properties of several
antibiotics.

In this work, we obtained fragments of increasing size from the N
terminus of HPr*® by using a combination of protein engineering and
chemical cleavage. We isolated and characterized the fragments of HPr*
growing from its N terminus: HPr38 (containing the first thirty-eight
residues and similarly for the other fragments in this work), HPr58
and HPr70. All of them contain the binding site His15, and except
HPr38, they also have the regulation serine (Ser46), that can be phos-
phorylated by HPrK/P. The fragments were mainly disordered, as shown
by fluorescence, far-ultraviolet (UV) circular dichroism (CD), nuclear
magnetic resonance (NMR) and size exclusion chromatography (SEC),
although there was a small population of native-like, helical structure
around the binding site. These results indicate that the growth of
structure in the nascent polypeptide chain of HPr*® was highly co-
operative and it did not result from the hierarchical accretion of resid-
ual, well-formed secondary structures at each of the different elongating
steps. We further measured the affinities of HPr38, HPr58 and HPr70 for
EIN®, HPrK/P" and Rsd’, which were within the same order of
magnitude of those measured for the corresponding binding reactions of
the intact HPr*® with such proteins [19,28,32,33]. Thus, although the
acquisition of native-like structure did not occur until the polypeptide
chain contained most of the protein residues, binding to the partners
already happened at the early stages of the growing HPr*® chain, and it
seemed to be related to the presence of the weak, native-like, helical
population around its binding site.

2. Materials and methods
2.1. Materials
Ampicillin and isopropyl-p-p-1-thiogalactopyranoside were obtained

from Apollo Scientific (Stockport, UK). Imidazole, Trizma base, DNAse,
cyanogen bromide, SIGMAFAST protease tablets, Luria-Bertani (LB)



J.L. Neira and M. Palomino-Schatzlein

bacterial culture broth, 3-(Trimethylsilyl)propionic-2,2,3,3-d4 acid
(TSP) and His-Select HF nickel resin were purchased from Sigma-Aldrich
(Madrid, Spain). Amicon centrifugal devices with a cut-off molecular
weight of 3 kDa were from Millipore (Barcelona, Spain). Dialysis tubing
with a molecular weight cut-off of 3.5 kDa was from Spectrapore (VWR,
Barcelona, Spain). High-purity oligonucleotides for site-directed muta-
genesis were synthesized by Invitrogen (Barcelona, Spain). Thrombin
was from GE Healthcare (Barcelona, Spain). The rest of the used mate-
rials were of analytical grade. Water was deionized and purified on a
Millipore system.

2.2. Expression and purification of HPr* fragments

The peptide containing residues 9 to 30 of the intact HPr, HPr>%C,
was obtained from NZYTech (Lisbon, Portugal) by using chemical syn-
thesis, with purity higher than 95% as tested by mass spectra, as
described [35].

The HPr* vector, with a Hise-tag at its N-terminus, was a kind gift
from Prof. Fritz Titgemeyer (Erlangen, Germany). The wild-type, full-
length HPr*® comprises residues from 1 to 93. This construction has a
natural methionine at position 48, and another one where the protein is
fused to the Hisg-tag at its N terminus (Met1), resulting from cloning in
the pET15b vector. However, to proceed with a chemical BrCN cleavage
in designed mutants, we must remove it, as well as Met48.

We designed a mutant of HPr*® with a Leu at Met1l (M1L mutant) by
using the QuickChange site-directed mutagenesis kit (Stratagene, Agi-
lent, Madrid, Spain), with specifically designed oligonucleotides. The
mutant was verified by automated DNA sequencing (Sistemas Genomi-
cos SL, Valencia, Spain). On this plasmid (M1L), we introduced the
mutation M48L, by using the same site-directed mutagenesis kit, with
the properly designed oligonucleotides. The corresponding plasmid was
introduced into C41 E. coli strain [36] and the cells were grown in LB
broth. The M1L/M48L was our pseudo-wild-type HPr*®, and it contains
the 93 residues of the intact protein On this double-mutant plasmid we
introduced each of the mutations to yield the three different mutants:
A38M, G58M, G70M.

Expression and purification of M1L/M48L HPr* was carried out as
those of wild-type and the other mutants previously described [30,33];
the yield was similar to that of wild-type protein [30]. The same
happened for mutants M1L/A38M/M48L and M1L/M48L/G58M;
conversely, the expression of M1L/M48L/G70M was substantially
decreased when compared to that of the wild-type protein. Removal of
Hise-tag by specific cleavage with thrombin of pseudo-wild-type,
M1L/A38M/M48L, M1L/M48L/G58M and M1L/M48L/G70M mutants
was identical to that of M1L mutant [19] or wild-type [30].

Purifications of HPr38, HPr58 fragments were similar to that
described for the HPr48 fragment [19,37], by using an AKTA-FPLC (GE
Healthcare. Barcelona, Spain) system, with a final purification step to
separate the corresponding fragment from the intact HPr*® by using a
HiTrap SP HP (GE Healthcare, Barcelona, Spain). On the other hand,
HPr70 was obtained with a final purification step by using a HiTrap Q
HP (GE Healthcare, Barcelona Spain) to separate it from un-cleaved
HPr*’; this protocol is different to that of HPr38, HPr48 and HPr58
because HPr70 has an acidic pI (similar to that of the intact HPr). The
final yield of pure HPr38 was ~60% (from the initial purified mutant);
that of HPr58 was ~20% and that of HPr70 was lower than ~ 10%.
Identity and integrity of the fragments was confirmed by mass
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spectrometry and for HPr70 by SDS-PAGE. Concentration of each frag-
ment was calculated from its sole tryptophan, Trpl0, by using the
extinction coefficient of model compounds [38].

2.3. Protein expression and purification

The wild-type Rsd vector, with a His-tag, containing the Rsd* was a
kind gift from Prof. Ann Hochschild (Harvard, USA). The protein was
expressed in C41 E. coli strain [36] and the cells were grown in LB broth.
The protein was purified as described [28,39]. EIN*® was expressed and
purified as described [13,33-35]. HPrK/P was a kind gift from Prof.
Anne Galinier (Marseille, France), and it was expressed and purified as
described [18].

Protein concentrations were determined in all cases from the
absorbance of individual amino acids [38].

2.4. Fluorescence

Rsd® has two tryptophan and eight tyrosine residues; EIN*® has four
tyrosine residues; HPrK/P has one tryptophan and five tyrosines; and
each of the HPr fragments has Trpl0. Fluorescence spectra were
collected at 25 °C on a Cary spectrofluorimeter (Agilent, Madrid, Spain),
with a Peltier temperature controller. The samples were prepared the
day before and left overnight at 5 °C. Before measurements, the samples
were incubated for 1 h at 25 °C. A 1-cm path-length quartz cell (Hellma,
Kruibeke, Belgium) was used.

In the analyses of the ANS and intrinsic fluorescence spectra, we also
calculated the average energy of each fragment spectra, <A>, which was
defined as < 4 >= Y 1I;/A;/>"1I; (where I; is the fluorescence intensity at
a wavelength, ;).

2.4.1. Intrinsic fluorescence of tryptophan and tyrosines in the fragments

The slit widths were equal to 5 nm for the excitation and emission
lights. Protein samples were excited at 280 and 295 nm. The spectra
were recorded between 300 and 400 nm. The signal was acquired for 1 s
and the increment of wavelength was set to 1 nm. Appropriate blank
corrections were made in all spectra. The concentration of each frag-
ment was 20 pM at pH 7.0 (50 mM, phosphate buffer).

2.4.2. ANS fluorescence in the fragments

For ANS experiments, dye concentration was 200 pM, and that of the
fragment was 4 pM at pH 7.0 (50 mM, phosphate buffer). Samples were
excited at 370 nm, collecting the spectra between 400 and 600 nm, and
the rest of the experimental set-up was the same as above.

2.4.3. Fragment-titrations

For the titration between Rsd®¢, EIN® or HPrK/P®, and HPr38,
HPr58 and HPr70 increasing amounts of the fragment, typically in the
range of 0-25 pM, were added to a solution with a fixed concentration of
the corresponding protein (5 pM for each of them, but it is given in
protomer units for HPrK/P>) in phosphate buffer (50 mM), pH 7.0. The
experimental set-up was that described above. The fluorescence of a
blank solution, containing only the corresponding protein, was sub-
tracted for each point. The dissociation constant of the complex, Kq, was
calculated by fitting the plot of the observed fluorescence change to
Refs. [40,41]:

AFmax

F=Fy+——"—
ot 2[Protein] .

([Protein] + [HPr38 /HPr58 /HPr70], + K, ) — \/( ([Protein]; 4 [HPr38 /HPr58 /HPr70], + K, ? _4[Protein] ,[HPr38 /HPr58 /HPr70] T) (@)
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where F is the measured fluorescence at any particular concentration of
the corresponding fragment after subtraction of the blank; AFy,y is the
maximal change in the fluorescence of the fragment when all of the
corresponding protein is forming the complex compared to the fluo-
rescence of isolated protein; Fy is the fluorescence intensity when no
fragment was added; [Protein]r is the constant, total concentration in
every titration of each Rsd®®, EIN* or HPrK/P" (5 uM, in protomer units,
for the latter); and [HPr48/HPr58/HPr70]y is that of the corresponding
fragment, which was varied during every titration. The K4 was deter-
mined by following the fluorescence at selected wavelengths and fitting
experimental data to Eq. (1). Every titration of the corresponding frag-
ment with each protein was repeated three times, and the variations
among the three repetitions were always less than 10% for the different
proteins. At all used concentrations, the fluorescence was corrected by
the inner-filter effects [42]. Fitting to the above equation was carried out
by using KaleidaGraph (Synergy software, Reading, USA). For the
fragment HPr38, we also tried to carry out titrations with 3 pM (in
protomer units) of each Rsd®, EIN*® or HPrK/P”, to see whether we
could improve the values obtained from the curves (section 3.7.1), but
the signal-to-noise ratios of the spectra under those conditions were very
poor.

2.5. Circular dichroism

Spectra were collected on a Jasco J810 spectropolarimeter (Jasco,
Tokyo, Japan) fitted with a thermostated cell holder and interfaced with
a Peltier unit in a 0.1-cm pathlength cell (Hellma, Kruibeke, Belgium).
The instrument was periodically calibrated with (+)10-camphorsul-
phonic acid. Molar ellipticity, [@], was calculated as described [43]. All
experiments were acquired at pH 7.0 (50 mM, phosphate).

2.5.1. Far-UV CD spectra of the growing fragments of HPr*

Experiments in the far-UV region with the growing fragments were
carried out with the same polypeptide concentrations in the same buffer
used in the intrinsic fluorescence studies. Typically, spectra were ac-
quired at a scan speed of 50 nm/min with a response time of 2 s, a
bandwidth of 1 nm, and averaged over six scans at 25 °C. Spectra were
corrected by subtracting the baseline in all cases. Baseline samples were
those containing only the buffer, and subtraction from the spectra of the
sample containing the fragments and/or proteins was carried out by
using KaleidaGraph (Synergy software). The samples were prepared the
day before and left overnight at 5 °C to allow for equilibration. Samples
were equilibrated at 25 °C for 1 h before recording the experiments.

2.5.2. Trifluoroethanol-titrations of HPr38, HPr58 and HPr70

For experiments with the three fragments, HPr38, HPr58 and HPr70,
in the presence of trifluoroethanol (TFE), the same set of experimental
parameters described in the far-UV CD of the isolated fragments was
used, except for the fact that experiments were carried out at 5 °C.
Fragment concentration was 15 pM. Co-solvent concentrations were
indicated in percentage of volume (%). The helical population of each
fragment in aqueous solution was determined assuming a two-state
helical « random-coil transition (as suggested by the presence of an
isodichroic wavelength in the titrations of each fragment) [44,45].

2.6. NMR spectroscopy

All the NMR experiments were performed at 10 °C on an Avance
AMX-500 MHz (11.8 T) (Bruker GmbH, Karlsruhe, Germany) with a TXI-
probe and z-gradients, and the software Topspin 1.2. The temperature of
the probe was calibrated with methanol [46]. All experiments were
acquired in phosphate buffer (50 mM, pH 7.0).

2.6.1. 1D-'H NMR spectra
For HPr38, HPr58 and HPr70, 512 scans were acquired with 32 K
acquisition points, at concentrations between 40 and 100 pM.
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Homonuclear 1D-'H NMR spectra were processed after zero-filling. All
spectra were referenced to external TSP, considering the pH-dependence
of its signals [46].

2.6.2. 2D-'H NMR spectroscopy of HPr38

Two-dimensional experiments on the fragment HPr38 (at ~1.8 mM)
were performed with a spectral width of 7801.69 Hz in each dimension
and in phase-sensitive mode by using the time-proportional-phase
incrementation technique (TPPI) [47].

Standard 'H NMR experiments, as well as TOCSY (80 ms mixing
time), ROESY (mixing time 250 ms) and NOESY experiments (mixing
time 250 ms) were performed. Data in TOCSY, ROESY and NOESY ex-
periments were acquired with a data matrix size of 4 K (t2) x 512 (t1),
with the MLEV17 spin-lock sequence [48] in the TOCSY experiments,
and 1 s of relaxation time in all experiments. Typically, 80 scans were
acquired per t; increment, and the residual water signal was removed by
using the WATERGATE sequence [49]. NOESY and ROESY spectra [50,
51] were collected with, typically, 128 scans per t; increment, with the
residual water signal removed by the WATERGATE sequence and
relaxation time of 1 s. Data were zero-filled, resolution-enhanced with a
square sine-bell window function optimized in each spectrum,
baseline-corrected, and processed with the Bruker software. The 'H
NMR resonances were assigned by standard sequential assignment
processes [52]. The random-coil chemical shift values of H, protons
were obtained from tabulated data for model peptides, corrected by
neighboring residue effects [53].

We could not carry out the assignments of HPr58 and HPr70 reso-
nances due to: (i) their larger size when compared to that of HPr38
(which hampers the use of only homonuclear experiments); and (ii) the
poor final yield of both fragments (which makes impracticable the use of
labelling with 15N, as we have previously done with HPr48 [19]).

2.6.3. Translational diffusion NMR (DOSY)of HPr38, HPr58 and HPr70

Fragment concentrations were the same used in the 1D-'H NMR
spectra. Translational self-diffusion measurements were performed with
the pulsed-gradient spin-echo sequence in the presence of 100% D,O.
The following relationship exists between the translational self-diffusion
coefficient, D, and the delays used during experiment acquisition [54]:

1/1y = —exp(Dy;,8*°G*(A — 8/3 — 7/2)) (2

where [ is the peak intensity of methyl resonances (in our case) at any
gradient strength; Ij is the maximum peak intensity of the same reso-
nance(s) at the smallest gradient strength (in the three fragments, at 2%
of the total power of the gradient coil); D is the translational self-
diffusion constant (in cm? s’l); § is the duration (in our case 2.25 ms)
of the gradient; G is the gradient strength (in T cm ™!, which was varied
in our case between 2 and 95% of the total power of the gradient coil of
the probe for each fragment); A is the time (for each fragment, 200 ms)
between the gradients; yy is the gyromagnetic constant of the proton (in
rad s~ T71); and, 7 is the recovery delay between the bipolar gradients
(100 ps in our experiments for each fragment). The gradient strength
was calibrated by using the value of D for the residual proton water line
in a sample containing 100% DO, placed in a 5-mm tube [54]. Data
were plotted as I/I; versus G2, and the exponential factor of the curve is
Dy48*(A — 8 /3 — 7/2), from where D can be obtained. A final con-
centration of 1% of dioxane was added to each fragment; the hydrody-
namic radius, Ry, of each polypeptide was obtained for comparison by
assuming that the Ry, of dioxane was 2.12 A [55], and the Stokes-Einstein
relationship. The DOSY experiment was repeated twice with fresh
samples for each fragment.

2.7. Size exclusion chromatography (SEC)

This technique was used to determine the compactness of all frag-
ments [56-58], at concentrations of ~20 pM. Samples were loaded in
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50 mM of phosphate buffer (pH 7.0), 150 mM NaCl (to avoid in-
teractions with the column) and 2 mM EDTA (to avoid polypeptide
degradation) in a calibrated analytical Superdex 75 10/30 HR FPLC
column (GE Healthcare) connected to an AKTA-FPLC (GE Healthcare) at
20 °C. The exclusion molecular weight of the column was 70 kDa for a
globular protein, according to the manufacturer. For all fragments, the
elution volumes, V., were obtained from chromatogram analyses with
the UNICORN software (GE Healthcare) from three independent mea-
surements with fresh samples. Samples were eluted at 1 mL/min and
continuously monitored with an on-line detector at a wavelength of 280
nm. They were loaded from ice, keeping the minimum delay possible
before the injection. The standards used, at 20 pM of protein concen-
tration, for column calibration were: ribonuclease A, chymotrypsinogen
A, ovoalbumin and bovine serum albumin. Their elution volumes were
measured in the same buffer used for the fragments.

2.8. Biolayer interferometry (BLI)

2.8.1. Experimental design

The association (ko) and dissociation (koff) rate constants of the
binding of EIN®’, Rsd* or HPrK/P* to HPr38, HPr59 and HPr70 were
determined by using a BLItz system (ForteBio, Pall, Barcelona, Spain)
[59,60]. The experimental buffer was that recommended by the manu-
facturer. Since all the proteins had a His-tag, they were immobilized on
His-tag biosensors (Forte Bio) at 0.5 pM. Fragment (without the His-tag)
concentrations were in the range from 1 to 6 pM during the association
step. The general schemes of the protein-association/dissociation re-
actions for the fragments were: 30 s of initial baseline with the 1 x ki-
netics buffer (provided by the manufacturer); 120 s of loading protein
(EIN*¢, Rsd®“ or HPrK/PP) into the biosensor; 30 s of baseline with the 1
x kinetics buffer; 120 s of association of any of the fragments to the
pre-loaded biosensor; and 120 s of dissociation of any of the fragments
from the pre-loaded biosensor.

2.8.2. Fitting of the sensorgrams

Fittings of the sensorgrams was carried out by using KaleidaGraph
(Synergy software) working on a PC. The interferometry response dur-
ing the association step, R(t) (measured in RU), and the binding rate, dR
(t)/dt, can be used to evaluate the kinetics of the binding of the HPr-
fragment (interaction with the biosensor-bound protein), according to:

dR(t) /dt = kon x [HPr—fragment] X (Ryax — R(1) ) — kot X R(t) 3

where R, is proportional to the total concentration of biosensor-bound
protein; and [HPr-fragment] represents the concentration of HPr38,
HPr58 or HPr70. In the above equation, the R(t) is given by:

R(f) = Ry — Ry x el Tan(=180)) “

where Req is the steady-state, or equilibrium response obtained at
infinite time when dR(t)/dt = 0. The number 180 in Eq. (4) corresponds
to the time, expressed in seconds, at which the association step between
immobilized protein and the fragment in the solution starts, in our
experimental set-up. Under our conditions for each HPr-fragment and
any of the three proteins, we fitted the R(¢t) as:

R(t) =Ry — Reg x €180 — R* (1 —180) (5)

due to slope shown by the RU curve at long times (given by R;,). The
value of ko is given by:
Kops = kon % [HPr~fragment] + Ky )

The dissociation process was always fitted to a single exponential,
with R(t) given by:

R(t) =R, x e Korx(=300 _ R, (+ —300) %)
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where the indicated figure comes from the time where dissociation of
the HPr-fragment from the biosensor-bound protein starts in our
experimental set-up, and R; is the response level when dissociation
starts at 300 s. As for the association step, the last term of Eq. (7) con-
siders the slope of the RU curves at long dissociation times.

3. Results
3.1. Fragment generation

A family of five peptide and fragments of HPr*® was created by using
chemical synthesis for the small peptide, HPr>3°, and fragmentation
(chemical cleavage) of the full-length protein for the larger peptides
(Fig. 1). We introduced methionine residues by protein engineering to
be used as cleavage sites for CNBr [45,61]. The sites of mutation were
chosen to be at the surface of the protein, or close to that, in a region
connecting segments of secondary structure in the native enzyme; thus,
positions were chosen to minimize structural changes. In that sense, the
fragment HPr>3® comprises the first o-helix and the loop preceding it;
HPr38 contains the first and second p-strands and the first a-helix;
HPr48, three p-strands and the first a-helix; HPr58, three p-strands and
the two first a-helices; and HPr70, the four p-strands and the two first
a-helices (Fig. 1). When the fragment HPr’30 was designed, the first
B-strand (residues Ala2-Val8, Fig. 1) was excluded to avoid solubility
problems, since we were mainly interested in studying the helical pro-
pensities of the first a-helix (Ala16-Thr27). All the designed fragments
had TrplO0, the sole tryptophan in the protein, and then, fluorescence
can be used to follow the development of structure in the fragments. The
structural features of fragments HPr>3° and HPr48, as monitored by
fluorescence, far-UV CD and NMR, have been described before [19,35,
371 and they will be described briefly in the sections below to allow for a
comparison with the results of the other fragments described in this
work.

3.2. Development of the fluorescence of Trp10 on chain elongation as a
probe for fragment conformation

Trp10, the sole tryptophan residue, lies deep in one of the cores of the
protein, being buried between the first (Alal6-Thr27) and the third
(Ala71-Ala83) a-helices. The emission maximum of the fluorescence
spectrum of intact HPr*, described before [30,31], is at ~ 332 nm,
probing its correct packing in the native structure of HPr. The
steady-state fluorescence spectra of HPr>>° and HPr48 have been
described before [19,35,37], showing maxima at ~350 nm, indicating
that Trpl10 was solvent-exposed (Fig. 2 A). The same behavior can be
observed for HPr38, HPr58 and HPr70: all the spectra showed a
maximum at ~350 nm. These findings indicate that: (i) in those frag-
ments Trpl0 was also solvent-accessible; and, (ii) the tertiary structure
around the indole was not native-like. Our results indicate that Trp10
was fully solvent-exposed for all the fragments, but its fluorescence in-
tensity at any wavelength (Fig. 2 B, inset for 350 nm) was smallest in
HPr®3% and HPr38, and it grew in HPr48, although it did not acquire a
native-like environment until the polypeptide chain was complete (that
is, in HPr*® (HPr93)), decreasing in the intensity at 350 nm for the entire
chain. The same conclusion can be obtained when the fluorescence in-
tensity at 332 nm is represented versus the length of the growing chain,
but the graphics is the reverse of that shown in Fig. 2 B, inset, because
most of the fragments of the nascent polypeptide chain had a smaller
fluorescence intensity at 332 nm. In addition, similar results were ob-
tained by following the <A> (Fig. 2 B) versus the number of residues in
the growing chain (for HPr”-30 this value was 30) (Fig. 2 B): the <A> was
roughly constant until the polypeptide chain was 70-residue long, where
it increased to reach a native-like value (2.930 prn_l) The same behavior
for the spectral intensity and <A> was observed when excitation of
Trp10 occurred at 295 nm (Supplementary Material Fig. S1).
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Fig. 1. Sequence of HPr*“. Amino acid sequence and secondary structure of HPr*, and the positions of cleavage to generate the N-terminal fragments of HPr. The
blue arrows indicate p-strands and the red cylinders the a-helices: p-strand1l (Ala2-Val8), a-helix1 (Alal6-Thr27), p-strand2 (Val33-Lys37), B-strand3 (Ser41-Asn44),
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Fig. 2. Fluorescence changes on elongation of the polypeptide chain of
HPr*. (A) Fluorescence spectra of the fragments normalized at 1 pM macro-
molecule concentration, in phosphate buffer at pH 7.0 (50 mM) and 25 °C. Each
spectrum was obtained after excitation at 280 nm. (B) The <\> of the spectra
obtained after excitation at 280 nm versus the number of residues in the
growing chain. (Inset) The fluorescence intensity at 350 nm after excitation at
280 nm for the growing fragments versus the number of residues in the growing
chain, in phosphate buffer at pH 7.0 (50 mM) and 25 °C. HPr*® is the pseudo
wild-type, 93-residue-long, intact protein.

3.3. Development of the burial of solvent-exposed hydrophobic patches
upon chain elongation

A key feature of the structural characterization of the growing chain
is the presence of nearby hydrophobic clusters, which become solvent-
accessible. As these clusters cannot be detected by any direct spectro-
scopic probe, we used the binding of the fluorescent dye 8-anilinonaph-
thalene, 1-sulfonate (ANS). Fluorescence of ANS can be used as a rough
index of the accessibility of hydrophobic sites in proteins [62,63].

We explored the capability of all HPr*® fragments to bind ANS, as an
indication of the solvent-exposure of hydrophobic patches [64]. If the
growing fragments contained solvent-exposed hydrophobic clusters, we
should observe that the maximum wavelength of the fluorescence
spectra occurred at ~470 nm; by contrast, in the absence of
solvent-exposed hydrophobic patches, which are not close enough to
bind the probe, the wavelength maximum of fluorescence spectra should
be at ~510 nm. None of the fragments showed spectra with maximum
wavelength at ~470 nm, indicating that (i) there were not
solvent-exposed hydrophobic patches close enough to bind ANS (Fig. 3
A), and; (ii) the regions forming the main hydrophobic core in the intact
protein by the first a-helix and the p-sheet were not close enough in the
highly dynamic fragments to bind to the probe. The representation of the
fluorescence intensity at 510 nm did not present any large variation as
the polypeptide chain grew, and only the spectrum of HPr38 showed the
largest value of intensity at this wavelength, being the spectrum of
HPr70 the second with the larger value (Fig. 3 A). These small variations
among the fragments are probably reflecting local conformational
changes around several solvent-exposed hydrophobic patches. The
representation of the <\A> of the spectra versus the number of the amino
acids in the growing polypeptide chain presented small variations in the
value of <A> for the different fragments and the whole protein (compare
the y-axis scale in Fig. 2 B and 3 B), and probably reflect small, local
conformational rearrangements as the polypeptide chain grows (Fig. 3
B), as it happens with the changes in fluorescence intensity at 470 nm.

3.4. Development of secondary structure upon chain elongation measured
by far-UV CD

Descriptions of the far-UV CD spectra of HPr®3°, HPr48 and the
intact HPr* have been provided elsewhere [19,30,31,35,37]. The
far-UV CD spectrum of intact HPr*® [30], similarly to other o/p proteins,
is not resolved into contributions from different elements of secondary
structure, and it mirrors that of an all-a-helical protein.

The far-UV CD spectra of HPr38, HPr58 and HPr70 were highly
similar to that of HPr48 [19]: with an intense minimum at ~ 197 nm and
a broad shoulder from 215 to 230 nm (Fig. 4 A). This shape was typical
of disordered structures [65-67], where the shoulder at 215-230 nm
could be attributed to: (i) the absorbance of aromatic residues (Trp10,
His15 and Phe22) and its possible clustering; or (ii) the presence of
weak, flickering a-helix-like structures. Deconvolution of the far-UV CD
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Fig. 3. Solvent-exposure of hydrophobic regions of HPr*® fragments pro-
bed by ANS binding. (A) ANS-fluorescence spectra of the fragments normal-
ized at 1 pM macromolecule concentration, in phosphate buffer at pH 7.0 (50
mM) and 25 °C in the presence of 200 pM ANS. (B) The ANS-intensity at 510 nm
after excitation at 370 nm for the growing fragments versus the number of
residues in the growing chain, in phosphate buffer at pH 7.5 (50 mM) and
25 °C. HPr* is the pseudo wild-type, 93-residue-long, intact protein.

spectra of the three fragments by using k2D in the DICHROWERB site [68,
69] indicates that the percentages of helical structures in the fragments
were in all cases smaller than 12%. We can further elaborate on the
percentages of residual helical structure in the fragments by using two
different approaches. First, we can estimate the helical population in the
fragments by assuming that a value of —39500 deg cm? dmol ! at [©]%22
is considered 100% of a-helical structure for a polypeptide chain
[65-67]. Then, the experimental value of [B] 222 for HPr38 (—2046 deg
em? dmol™1) led to 5% of a-helical structure; that of HPr58 (—3665 deg
cm? dmol™ 1) led to 9%; and that of HPr70 (—2077 deg cm? dmol ™) led
to 5%. These values are similar to those obtained for HPr*-*C and HPr48
[19,35,37]. The fact that the helical population among the three
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Fig. 4. Secondary structure changes of the growing polypeptide chain of
HPr* probed by far-UV CD. (A) Far-UV CD spectra of the growing fragments
of HPr*¢, in phosphate buffer at pH 7.0 (50 mM) at 25 °C. (B) The [0]%2? of the
fragments versus the number of residues in the growing chain.

fragments was similar, not matter the size, suggests that the residual
helical population is confined to the first a-helix (Alal6-Thr27) in the
intact HPr*¢, because it is the common structural element to all the
fragments Although we cannot rule out that those percentages of or-
dered structure (5%-9%) could involve other elements of the sequence,
which are added to the growing chain, the fact that all fragments contain
the first a-helix suggests that such region is responsible for that popu-
lation of folded structure. Furthermore, it is also important to indicate
that those values of ellipticity (and then of the helicity) could be affected
by the absorbance of aromatic residues at 222 nm [65-67]; in fact, from
the HPr*® structure (Fig. 1) the 32% of the secondary structure is helical,
but the experimental value of [0] 222 for HPr™ leads to a 25% of helical
structure. Therefore, as a second approach, we tried to estimate the
percentages of helical structure in the fragments by using TFE-titrations
[44,45,61]. For the three fragments, as it happens in HPr>-30 [35,37] and
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Table 1
Thermodynamic parameters of the two-state helical « random-coil transition as
monitored by TFE titrations at 5 °C for the growing HPr*® fragments.

[TFE]1 /2 (% (v/

m-value (cal/(mol % (v/ AGY™ (kcal/

v)? ) mol)”
HPr* 166 + 23° 23.2 + 0.5° 3.8 £ 0.5 (0.10%)"
30
HPr38 190 + 33 19.9 + 0.7 3.8 £ 0.6 (0.10%)
HPr48 135 + 41¢ 20 + 3¢ 2.7 + 0.9 (0.5%)"
HPr58 91 +57 30+5 2.7 + 1.7 (0.5%)
HPr70 187 +32 22.8 + 0.7 4.3 £ 0.8 (0.07%)

@ Errors in m- and [TFE]; »-values were obtained from the fitting of TFE-
titration curves to the helical « random-coil transition.

b Calculated from the product of the m- and [TFE], s»-values. Uncertainties in
the Gibbs energy (of helical formation) were obtained from error propagation.
The values within the parenthesis indicate the percentage of helical population,
assuming a two-state conformational equilibrium [44,45].

¢ Data from Refs. [35,37].

4 Data from Ref. [37].

HPr48 [37], the TFE-titrations were two state (helical < random-coil)
with a single isodichroic point at ~ 203 nm. The TFE-titration mea-
sures the differences in ellipticity as the co-solvent concentration was
increased at a particular wavelength, and therefore, the detection of the
folded population should not be affected by the presence of aromatic
residues, if the conformation is the same in the absence or in the pres-
ence of the co-solvent. For all the fragments, the m- and TFE-values were
similar, within the error, and then, the free energy of folding (Table 1).
These results further confirm that the helical population in aqueous
solution was nearly the same in all the fragments. The populations of
helical conformations determined by this method were much smaller
than those determined by deconvolution programs or from the value of
the [©]%%2 (Table 1).

Therefore, our findings from far-UV CD indicate that HPr38, HPr58
and HPr70 did not show evidence of a well-folded secondary structure,
but rather a weak, flickering, native, a-helix-like population seemed to
be present in the first a-helix of the protein.

Next, we focused on the recovery of the far-UV CD native spectrum of
intact HPr*® during chain elongation, by plotting the [©1%%2 versus the
number of residues of the growing chain. The [0]1%?? decreased gradu-
ally as the polypeptide chain was growing (Fig. 4 B), being smaller (~—
1200 deg cm? dmol 1) for HPr?3° to reach the largest value (in absolute
number) for the intact protein (~- 9800 deg cm? dmol’l). These find-
ings confirm that, as it happens with the tertiary structure around Trp10
monitored by fluorescence (Fig. 2), the native-like secondary structure

Table 2
Hydrodynamic measurements for the growing polypeptide chain of HPr".

D x 107 (cm2 s7Y) Ry (A)°
HPr3° 1.95 + 0.03° 11 +1(12.9)
HPr38 1.24 + 0.08 10 + 2 (17.4)
HPr48 1.13 + 0.06" 10.9 + 0.8 (19)
HPr58 0.9+0.2 14 + 2 (20.5)
HPr70 0.79 + 0.09 15 + 2 (23.03)
HPr93 (HPr*) 0.98 + 0.02° 13 + 2f

@ Errors in the D are from the fitting to Eq. (2). All the measurements with the
fragments were carried out at 10 °C.

b The Ry, values of the fragments were obtained from comparison with the Ry,
of dioxane (2.12 A) [55]. The value within the parenthesis was calculated from
the scale law for disordered polypeptide chains: Ry, = (0.027 + 0.01) MW©-5°
£0.01 [70],

¢ Data from Refs. [35,37].

4 Data from Ref. [37].

¢ Data from Ref. [96] at pH 6.8 and 20 °C.

f Obtained from the comparison with the Ry, of dioxane (2.12 A) and taking
into account that the average value of the D of dioxane in our DOSY measure-

ments with the different fragments was (6.1 + 0.4) x 10°® em?s L.
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in HPr*® was only acquired at the latest steps of the growing polypeptide
chain.

3.5. Development of biophysical features followed by NMR

3.5.1. Development of the hydrodynamic radius in the growing polypeptide
chain

We have previously shown that both Hpro-30 [35,37] and HPr48 [19,
37] are monomeric, based on the values of the diffusion translation
coefficient, D. We measured the D of HPr38, HPr58 and HPr70, and we
compared their values with those of the other fragments and that of the
intact protein (Table 2). We could observe that there was a nice
gradation in the measured D for the different fragments: as the length of
the disordered fragment increased, the D became smaller, as expected.
However, in all fragments, the theoretically calculated Ry value for
random-coil polypeptides [70] was larger than that obtained for each
fragment from comparison with the experimentally measured D of
dioxane, assuming the Stokes-Einstein equation (Table 2). These find-
ings suggest that either: (i) the approach of considering the fragments as
spheres is not appropriate, since they are disordered (see 3.5.2 and
Figs. 2, 4 and 5); or, alternatively, (ii) local contacts tend to make the
corresponding fragment more compact around some residues, and for
instance, cluster formation around proline residues have been observed
in other fragments [71].

3.5.2. Development of secondary and tertiary structures of the growing
fragments from NMR

The 1D-'H NMR and 2D-'H NMR spectra of HPr>*® and HPr48 have
been described elsewhere [19,35,37] and they indicate that these frag-
ments are disordered (in agreement with the fluorescence and far-UV CD
spectra), with the indole signal of Trpl0 appearing at 10.20 ppm, as
expected in fully solvent-exposed environments [52]. The same can be
observed in the 1D-'H NMR spectra of HPr38 and HPr58 (Fig. 5 and
Fig. S2), where all the amide (between 8.00 and 8.60 ppm) and the
methyl signals (between 0.80 and 1.00 ppm) were clustered at regions
where the resonances of random-coil residues are observed, and the
indole signal of Trp10 also appeared at ~ 10.20 ppm in both fragments;
this value is different to that in a native-like environment of Trp10 in the
intact HPr*, at 9.80 ppm (Fig. 5). It is interesting to note that the signals
of the spectrum of HPr58 (Fig. 5 and Fig. S2) were broader than those of
the shorter fragments (HPr®3°, HPr38 and HPr48) suggesting some
conformational exchange within the NMR time scale. It could be thought
that as HPr48 has a tendency to aggregate at the NMR concentrations
used for the 2D- and 3D- NMR experiments [19], the same was
happening in HPr58, however, at this point we can rule out fragment
aggregation at these concentrations because of the value of the D
(Table 2). A similar broadening was observed in the 1D-'H NMR spec-
trum of HPr70 (Fig. 5 and Fig. S2); HPr70 was disordered, as judged
from the fluorescence (Fig. 2) and far-UV CD (Fig. 4) results, but the
signal corresponding to the sole indole did not appear either at 10.20
(random-coil value) or 9.80 ppm (HPr*-like value), but rather it showed
two broad signals at 10.07 and 10.41 ppm (Fig. 6 A). These results
suggest that the aromatic chain in this fragment is affected by a
slow-to-medium conformational exchange within the NMR-time scale,
where the two environments explored by the indole were not
native-like. Thus, this fragment must explore some folded conformations
part of the time, and probably, HPr58 was also sampling folded con-
formations, as suggested by the NMR signal broadening, but the envi-
ronment around Trp10 was more unfolded than that of the same indole
in HPr70.

We further explored the conformations of HPr38 by using 2D-'H
NMR experiments, as the expression of its parental mutant was good
enough and the cleavage reaction proceeded very well. The assignments
of the resonances indicated that the chemical shifts of the H, protons
were similar, for the common residues, to those of HPr>*° and HPr48
(Table ST1); furthermore, the conformational shifts (that is, the
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Fig. 5. Secondary and tertiary structure changes in the growing fragments probed by NMR. Down-field (amide) regions of the 1D-'H NMR spectra of the
growing chain. The HPr* is the pseudo wild-type, 93-residue-long protein. Experiments were acquired at 10 °C and pH 7.0 (50 mM, phosphate buffer).

difference between the chemical shift of Hy protons of the residues of
HPr38 and that of the same residue in a random-coil environment) were
similar to those of HPr®? for the common regions (Table ST1 and Fig. 4
in Ref. [37]). These similarities further confirm that the fragment (in
agreement with CD far-UV and fluorescence results, Figs. 2 and 4) was
mainly disordered with evidence of flickering, native-like helical
structure around His15.

Therefore, we conclude that the fragments were monomeric and that
they did not acquire a native-like secondary and tertiary structures until
most of the growing chain was present.

3.6. Variation in the hydrodynamic volume (compactness) of the HPr
fragments from SEC

The compactness of the fragments was not only measured by the
calculation of the D, assuming a spherical shape, but also by SEC. The
full-length HPr*® had an elution volume of 12.58 + 0.06 mL, and we
observed a nice increase in the elution volume as the size of the growing
chain decreased, going from 17.82 + 0.02 mL, for HPr’3, t0 13.92 +
0.05 for HPr70 (Fig. 6 B). That gradual decrease, as the polypeptide

chain increased, indicates that the elution of the fragments from the
column was mainly dominated by their size. In Fig. S3, the calibration
curve obtained for the analytical column used, from the globular pro-
teins, is shown.

All in all, these results confirm that the compactness of the growing
polypeptide chain was not native for any of the fragments explored, and
then, they were disordered (in agreement with the other biophysical
techniques).

3.7. Fragments HPr38, HPr58 and HPr70 were capable of binding to
EIN, Rsd® and HPrK/Pb

We have shown above that the presence of residual helical structure
in HPr38, HPr58 and HPr70 was flickering around the first o-helix
(Alal6-Thr27) of the intact protein, but we wondered if such small
population could be responsible for the binding to any of the proteins the
intact HPr* binds to Refs. [28,32,34,35]. In the intact HPr*, the binding
of the three proteins occurs mainly through the first a-helix. We have
previously shown that HPr>3? and HPr48 were capable of binding to
those proteins [19,28,34,35], and that in HPr48, residues belonging to
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Fig. 6. Other biophysical properties of the growing polypeptide chain. (A)
Chemical shift of the indole moiety of Trpl0 in the nascent polypeptide chain.
For HPr70 the two values of the indole proton are shown. (B) The elution
volumes of the growing chain of HPr*® by SEC. The errors are the standard
deviations from three different measurements.

the first a-helix (in the intact protein) were affected [19]. We used
fluorescence spectroscopy and BLI to determine the affinity constant
between each fragment and each of the proteins.

Titration fluorescence measurements have been carried out previ-
ously between HPr>3% and EIN*® [34,35] and Rsd® [28,35]; further-
more, fluorescence or isothermal titration calorimetry (ITC)
measurements [33,34] have been also carried out between M1L HPr*¢
and Rsd®, or between wild-type HPr*® and EIN* (Table 3). BLI experi-
ments have been carried out between M1L HPr*¢, HPr48 and the three
proteins [19]. No BLI experiments could be carried out between HPr>-30
and any of the three proteins, due to its small size (as according to
manufacturer instructions: binding can be only detected when the
macromolecule in the solution, in our case HPr9'3°, has a molecular
weight higher than 3 kDa).

10

Archives of Biochemistry and Biophysics 736 (2023) 109538

Table 3
Equilibrium dissociation constant (K4 in pM) of the binding of the nascent chain
as measured by several techniques®.

EIN* Rsd®® HPrK/P>
Hpr>3° 10+£7° 23+ 54 2° 2.5 + 0.4

0.4"
HPr38 5+2;1.5+0.6 58+0.8 3+2;,1.3+04
HPr48 3.5+ 059 0.3+ 7 +3%0.8+0.2° 2+19 04+

0.1(1 0.1(1
HPr58 1.8+ 0.3 1.6 +0.2 1.0+ 0.4
HPr70 0.9+0.2 7.2+ 0.6 1.2+ 04
HPro3 0.5+02%12 + 0.2+0.1%1.5+08%,2 0.3+ 0.1¢

(HPr™) 2¢ +0.4'

# The values reported were obtained by fluorescence, BLI or isothermal
titration calorimetry (ITC). The K4 values from kinetic measurements were
determined from the rate kog/kon (assuming a two-state binding reaction). Errors
in the reported values were obtained from propagation errors in the values of kg
and ko, obtained from the pseudo-first order plots.

> Data from Ref. [34].

¢ Data from Ref. [28]. In Ref. [35] a similar value of 1.4 + 0.3 pM for the K4
was also measured by ITC.

4 Data from Ref. [19]. The values for HPr* were determined by using the M1L
HPr* mutant.

¢ Data from Ref. [34], measured by ITC with wild-type HPr*.

f Taken from Ref. [28], measured with wild-type HPr*".

8 Titration fluorescence experiments were carried out in this work to deter-
mine an affinity constant of HPr®3°, but although a decrease in fluorescence
intensity was observed, such tendency could not be fitted to Eq. (1). Thus, the
behavior was similar to that shown in Figs. S4 and S5.

3.7.1. Measuring the binding of HPr38, HPr58 and HPr70 to EIN*, Rsd*
and HPrK/pP" by fluorescence

We tried to determine the binding of each of the three fragments with
each of the three proteins. In all cases (Figs. S4 and S5), we observed a
decrease in the fluorescence intensity (when compared to the addition
spectrum obtained by the sum of the spectra of the fragment and the
molecule), but in all cases, except for HPr38 (Fig. 7), we could not fit
such variations to Eq. (1). These findings suggest that the dissociation
constants of the binding reaction of HPr58 and HPr70 for each of the
three proteins, as determined by fluorescence, were smaller than the
fixed concentration of protein used in the experiments (5 pM, although
we tried a lower concentration of the three proteins (3 pM) with HPr38,
we could not obtain any reliable value of the dissociation constant due to
the poor signal-to-noise ratio during the titrations). In HPr38 for EIN*
and HPrK/P®, the constants were 5 + 2 pM and 3 + 2 pM, respectively
(Fig. 7, Table 3); but we could not obtain a reliable fitting for the Rsd*
titration with HPr38 (data not shown).

3.7.2. Measuring the binding of HPr38, HPr58 and HPr70 to EIN*, Rsd®
and HPrK/P* by BLI

As the fluorescence measurements did not yield quantitative values
for the dissociation constants of HPr58 and HPr70 for the proteins,
probably due to the small value of such constants, we used BLI. With this
technique, we could measure all the K4 values for the three fragments for
every protein (Table 3), obtained from pseudo-first order plots (Fig. 8,
Fig. S6).

The values from BLI, assuming a two-state binding reaction for the
formation of the corresponding complex (fragment/protein), were
within the same order of magnitude among all the fragments and pro-
teins, ranging from 0.3 to 7 pM (Table 3). In general terms, it seems that
the K4 values for EIN* and HPrK/P™ in all fragments, as measured by
BLI, were similar and smaller than those of Rsd®®, but for HPr48 and
HPr58, the K4 values among the three proteins were similar within the
error. We cannot rationalize easily the differences observed among the
fragments, and we hypothesize they could be due to their different
flexibility and size. On the other hand, comparison among the values
from BLI measured for HPr*® and each fragment for each of the three
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Fig. 7. Binding between HPr38 and the proteins as monitored by fluo-
rescence titrations. (A) Changes in the fluorescence emission at 315 nm of
EIN®¢ with increasing amounts of HPr38 after excitation at 280 nm at 25 °C. (B)
Changes in the fluorescence emission at 315 nm of HPrK/P® with increasing
amounts of HPr38, after excitation at 280 nm at 25 °C. The line through the
data is the fitting to Eq. (1). Experiments were carried out in 50 mM phosphate
buffer (pH 7.0).

proteins, suggests that all the measured values are within the same order
of magnitude. However, for the three proteins, HPr48 had the most
similar values of the Kq to those of HPr*. The rest of the fragments,
although the Ky values were similar within the error, had slightly larger
values than those of HPr*® (Table 3), indicating that the intact protein
had a larger affinity for the three proteins, probably because of the
presence of a well-folded structure around the binding site (His15).
For HPr38, where the dissociation constants were also measured by
fluorescence (Table 3), the measurements obtained were larger than
those obtained by BLI. However, it is expected that characterization of
binding by using different techniques may yield dissimilar binding
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from the fitting of the sensorgrams to Eq. (5).
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parameters. Steady-state techniques, where the observable is the equi-
librium state (e.g., fluorescence titration), may provide different affin-
ities than transient event ones (such as BLI), where the observable
parameters mainly reflect the first encounter between the interacting
molecules. In addition, BLI, can provide higher affinity values (and
therefore smaller K4 values) because of mass transfer effects on the
biosensor-immobilized protein. Furthermore, if the kinetic process has
several steps, we should obtain an apparent K4 value, which might not
correspond to the real one [59]. Similar discrepancies in the affinities
reported by using several techniques, have been observed when
measuring interactions in other proteins [19,28,33,72,73].

To sum up, our results suggest that: (i) binding of the growing
fragments to each protein is governed by the same element of secondary
structure present in all the fragments: the first a-helix; and, (ii) the
addition of other elements of secondary structure of the intact HPr*® did
not affect the affinity of the fragments for each protein.

4. Discussion
4.1. Interactions in the growing chain of HPr*

The results from the complementary biophysical techniques indicate
that the secondary and tertiary structures in HPr*® are formed in parallel
when most of the polypeptide chain is present, that is, when some of the
last twenty residues are added. Since: (i) approximately twenty residues
are always covered by the ribosome during protein synthesis and bound
to tRNA; and (ii) the peptidyl-tRNA is fixed on a ribosome, it is unlikely
that HPr* folds co-translationally as it is synthesized from the ribosome
[4,5,74].

Although there is a small population of helical structure around the
first a-helix (Ala16-Thr27), it is only the addition of the last long a-helix
(Ala71-Ala83) which triggers concomitantly the formation of the ter-
tiary and secondary structures in HPr*’. The remaining elements of
secondary structure, namely the second a-helix and most of the four-
stranded p-sheet, do not seem to increase the population of helical
structure in the first a-helix, and therefore non-native tertiary contacts
do not seem to raise. However, there were probably non-native contacts
in the growing polypeptide chain among far-away distant residues in the
primary structure, as judged by the broadening of signals in the 1D 'H
NMR spectra of HPr58 and HPr70 (Fig. 5 and Fig. S2). On the contrary,
when the third a-helix of the protein is added to the growing chain, the
docking between the first o-helix, the p-sheet and the third o-helix
happens (forming the main hydrophobic core of the protein), enhancing
the population of native-like, helical structure in the first halve of the
protein, making this element acquire a rigid, stable conformation. Long-
range interactions of such helix with the second last halve of the protein
are key to attain a stable fold.

It is tempting to compare the folding of the growing chain of HPr*
described in this work, with the folding of the intact HPr*¢, the HPr from
Escherichia coli, from an unfolded state originated by the presence of
guanidinium hydrochloride (GdmCI). It has been shown that HPr*¢ folds
slowly from GdmCl in a two-state manner, with no intermediates
accumulated [75,76], and only the detection of local rearrangements
around Phe22 (which is a residue conserved in HPr*, Fig. 1) is observed
[77]. However, at the very early stages of HPr* folding, a hydrophobic
collapse is observed around all phenylalanine residues mainly to bury
hydrophobic amino acids, which are close enough in the intact chain
[78]. The findings of the growing chain of HPr*® in this work indicate
that there was no proximity among the hydrophobic, solvent-exposed
patches, as there was not a large increase of the ANS fluorescence as
the chain grows (Fig. 3). This apparent discrepancy between the folding
of the whole HPr*® and the growing polypeptide could be due to the
larger mobility of the fragments because of their smaller size, when
compared to that of the intact chain.
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4.2. Comparison with the growing polypeptide chains from other proteins

Different strategies have been developed to monitor co-translational
folding in real time [79,80]. However, identification and characteriza-
tion of the different folded states in the growing chain in the ribosome is
difficult. An alternative strategy involves the isolation and analysis of
translationally arrested polypeptide chains to examine the equilibrium
states at a particular co-translational length [81-83]. Equilibrium states
of a growing chain can be obtained and studied at equilibrium by
designing fragments with the use of protein engineering procedures. In
the next paragraphs, we describe briefly what has been found for those
other chains and how it compares with the results described in this work:

(a) The N-terminal growing fragments of CI2: Shorter fragments do not
show evidence of native-like structure except for local clustering
around the sole tryptophan of the polypeptide chain [84]. How-
ever, the 40-residue-long fragment shows local non-native hy-
drophobic clusters, with strong binding of ANS [84]; this is
probably what happened to fragments HPr58 and HPr70 (Fig. 5),
although they do not bind to ANS (Fig. 4). Thus, it seems that
there is a minimum size in the growing polypeptide chain, where
it starts to explore non-native conformations; for either CI2 or
HPr*, that size seems to be around 60% of the whole polypeptide
chain (40 out of 64 in CI2 and 58 out of 93 in HPr*®). The 53- and
60-residue-long fragments of CI2 show native-like secondary
structure, but no tertiary one [84,85]. However, in CI2 as in
HPr*, until the growing chain is not 64-residue-long, no compact,
native-like structure, with a cooperative unfolding transition, is
observed [84,85].

The N-terminal growing fragments of barnase: The 110-residue-long
barnase was dissected in 7 fragments from its N terminus. The
shorter fragments have flickering residual structure around the
first, a-helix [86], although they were mainly disordered. A
95-residue-long fragment shows also broadened 1D-'H NMR
spectra, and it does not bind ANS (this fragment contains around
85% of the whole chain), but it does not show cooperative
unfolding [86]. Only when the growing chain was 105-residue--
long, native-like, compact residual structure is observed.

The C-terminal growing fragments of barnase: Although a poly-
peptide chain is not growing from its C terminus during its bio-
logical synthesis, barnase chain was dissected to grow from its C-
terminal region to compare with the findings from the N-terminal
nascent chain. There was evidence of flickering structure around
the last B-hairpin (residues Ser92-Leu95) of the protein, with non-
native local interactions [87,88]. It is only when the first N-ter-
minal 23-residues are missing when a compact, native-like
structure is present. Then, the barnase chain either growing
from the N- or the C-terminus follows the same behavior as CI2
and HPr*“: only until the growing chain has most of the residues
does not acquire a native-like fold.

The overlapping dihydrofolate reductase (DHFR) fragments: Eight
overlapping fragments of the 187-residue-long DHFR were
designed to dissect the autonomous folding units of this protein
[89]. Fragment 37-159 has significant secondary and tertiary
structures, with a native-like fold and it unfolds cooperatively in a
two-state manner. These findings mean that until the growing
chain does not contain around 85% of the whole polypeptide, as
it happens with the N-terminal growing chain of barnase, it does
not acquire a well-folded structure.

(b)

(©

d

(=7

These results and ours in this work do not agree with recent theo-
retical findings. It has been suggested that folding of a nascent poly-
peptide chain, especially the formation of a-helices, could start at the
distal region of the PET and continue at the depression close to the exit
site [90]. Furthermore, it has been observed that
multi-immunoglobulin-like-domain proteins can stabilize some partially
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folded intermediates, during biosynthesis [91], and even in large pro-
teins, whose folding is under kinetic control, intermediates can be
observed during release from the PET [92]. However, all those in-
termediates have spectroscopic features of molten-globules [93], with
broadened 1D-'H NMR spectra, and probably, they do not unfold
co-operatively. It is interesting to pinpoint at this stage that larger
fragments of CI2 also have molten-globule like features [84,85].

To sum up, the results in this work with HPr*, and previous findings
with different growing chains at equilibrium, indicate that until most of
the polypeptide chain is not present, the protein does not acquire a well-
formed, stable core with a co-operative unfolding.

4.3. Binding versus folding of growing polypeptide chains

Although there is no evidence of a well-folded, stable structure in any
of the HPr*® fragments, they were bound to EIN*, Rsd* and HPrK/P*
(Figs. 7 and 8, Figs. S4 and S5). We have tested the binding of HPr>3°
and HPr48 to those proteins [19,32-35], by using fluorescence, CD, ITC,
BLI and NMR (in this latter case by using STD-NMR of HPr>%° and 2D-
15N, H-HSQC spectra of HPr48). The interacting region in both frag-
ments involves residues around His15, the binding site of the protein
[19,32], as it happens in the intact polypeptide (Table 3). Furthermore,
this region is also involved in the binding of intact HPr to: (i) EIN [17];
(ii) intact Rsd®® [26,27]; and (iii) fragments of Rsd* comprising some of
its helices [28].

In this work we have tested, by using BLI (and for HPr38 by fluo-
rescence, as well), that the binding of HPr38, HPr58 and HPr70 with
each of the three proteins also occurred, and then, it is safe to assume
that binding also involved the region around His15. This region has a
short population of flickering, native-like a-helix [37]. That is, even a
small population of helical, native-like structure around the binding site
of the entire protein can ensure binding to the natural partners of the
intact protein. Thus, it is not necessary to have a well-folded structure to
achieve the binding, and, most importantly, the affinity of the fragment
for each protein was similar to that of the intact protein (Table 3). This
finding is important since one of the fundamental problems in detecting
co-translational folding is the ability of using experimental strategies
detecting native-like structure. Use of antibodies haven been recognized,
for a long time, as a proper tool to detect protein conformation on the
ribosome [93-95], and we believe, that in those examples, the anti-
bodies were also monitoring flickering native-like structure, as that
detected in this work for the three partner proteins around the binding
site of HPr*.

5. Conclusion

To conclude, we have shown that in HPr*® there is no evidence of
well-formed, native-like secondary and tertiary structures, until the
growing chain does not contain most of the 93-residue long polypeptide
chain. Only native-like, secondary structure, which was not stabilized by
the addition of other secondary structure elements as the polypeptide
chain grows, was observed at the first a-helix in a small population. The
growth of structure in the nascent polypeptide chain of HPr*® was highly
co-operative and it did not result from the hierarchical accretion of re-
sidual, well-formed secondary structures at each of the different elon-
gating steps. The flickering secondary structure at the first a-helix was
recognized by the natural protein partners of the intact polypeptide
chain.

6. Supporting information available

One table containing the assignment of HPr38 (Table ST1). There are
six figures: the fluorescence spectra of the growing fragments obtained
by excitation at 295 nm (Fig: S1); the methyl region of the 1D-'H NMR
spectra for the fragments and pseudo-wild-type HPr*® (Fig. S2); the
calibration curve of the analytical gel filtration column used (Fig. S3);
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the fluorescence titration curves with HPrK/P™ and two selected frag-
ments obtained by excitation at 280 nm (Fig. S4); the fluorescence
titration curves with Rsd* and two selected fragments obtained by
excitation at 280 nm (Fig. S5); the sensorgrams from BLI for some of the
growing fragments with selected proteins (Fig. S6).
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