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Abstract. Some metal-chelating peptides have antioxidant properties, with potential nutrition, health and
cosmetics applications. This study aimed to simulate their separation on immobilized metal ion affinity
chromatography from their affinity constant for immobilised metal ion determined in surface plasmon
resonance, both technics being based on peptide-metal ion interactions. In our approach, first, the affinity
constant of synthetic peptides was determined by surface plasmon resonance and used as input data to
numerically simulate the chromatographic separation with a transport-dispersive model based on
Langmuir adsorption isotherm. Then, chromatographic separation was applied on the same peptides to
determine their retention time and compare this experimental tr with the simulated tr obtained from
simulation from surface plasmon resonance data. For the investigated peptides, the relative values of tr
were comparable. Hence, our study demonstrated the pertinence of such numerical simulation correlating

immobilised metal ion affinity chromatography and surface plasmon resonance.

1. Introduction

Various industrial sectors (z.e. pharmacy, cosmetics, or food) have an increasing need of new biomolecules
[1]. Peptides from plant and animal resources present a potential interest due to their bioactive properties,

such as anti-hypertension [2, 3], anti-thrombosis [4], anti-carcinogenic effect [5], ez Bioactive peptides
can be obtained either by peptide synthesis, by their extraction from natural resources, or through protein
hydrolysis. In this latter case, their use is often limited because of their presence in a complex mixture of

peptides and also their low concentration in a peptide hydrolysate.

Antioxidant is a generic term that gathers various mechanisms including reducing capacity, radical
scavenging activity and metal chelation activity. Transition metal ions can cause the production of radical
species in organisms. Hence, upon metal chelation with a peptide, free radical production can be inhibited
and oxidation phenomena delayed. According to the literature, some peptides with metal chelation
properties would act as potential antioxidant according to their amino acid residues in their sequence.
Indeed, the common structure of amino acid, NH;CHRCOO-, contains C-terminal carboxylate (COO-)

and N-terminal amino (NH>) groups. These donor groups, with others from side chains such as the thiol
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group of cysteine, the imidazole group of histidine, the indole group of tryptophan or the carboxylate

COO- of acid aspattic can bind to many metal ions [0, 7].

To this date, the separation of bioactive peptides inside a complex mixture is still studied empirically:
peptides are separated into various fractions, each one being evaluated for their bioactivity up to isolate

the peptide of interest and identify its sequence by mass spectrometry.

Various separation techniques take advantage of the interaction between an immobilised metal ion and a
proteinous molecule (Ze. peptides, polypeptides or proteins) present in complex biological samples.
Among them, immobilised metal ion affinity chromatography (IMAC) can separate proteins and peptides
efficiently [8]. To separate proteins or peptides from complex mixture, IMAC has been studied for years
[9]. Nevertheless, this technique presents some disadvantages Ze. the high cost of IMAC phase [8], a
modest sensitivity, a throughput and limited flexibility, in addition to the waste of molecule of interest
upon the washing up of the non-specific binding molecules [10]. Since chromatography is time-

consuming, a pre-screening system can help to determine the presence of metal-chelating peptides

(MCP).

Some studies investigated the link between chromatography and Surface Plasmon Resonance (SPR) [11,

12]. This optical biosensor [13], which measures the change of refractive index, is related to the
adsorption of the analyte initially circulating in solution onto the immobilized ligand. Such technology is
comparable to Quartz Crystal Microbalance technology (QCM) to investigate the affinity and binding
kinetics. Indeed, using a Ni2*-NTA chip, SPR could determine the affinity constant of peptide for Ni2*.
SPR technology is similar to IMAC for a same complexing agent (NTA) and metal ion used. Hence, a
methodology could consist in using the information provided by SPR to determine the operating

parameters for IMAC separation process.

Vunnum e al. [14] successfully modelled IMAC using a non-linear multicomponent equilibrium in the
case of proteins. Their simulation required input data such as the number of interaction sites of the
protein when adsorbed on the stationary phase, a steric factor related to protein and the experimental

determination of a linear equilibrium parameter for adsorption. In a different approach, the aim of this
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study was to simulate IMAC chromatographic process from SPR experimental data in order to guide the
further peptide IMAC separation. To our knowledge, this approach is new and has never been
investigated to date. The Ni2*-IMAC separation simulation from Ni2*-NTA-SPR data relies on the fact
that both techniques are based on the same peptide-metal ion interaction mechanism. Indeed, we want to
take advantage of SPR accuracy, technology which can determine dissociation constant (Kp) from pM up
to mM, in order to enhance the efficiency of metal-chelating peptide enrichment by IMAC, knowing that

experimental separation often requires large amount of resources and time.

To overcome this problem, the aim of this study was to simulate the IMAC separation of metal-chelating
peptides from SPR data in order to make prediction of separation. Current theory and methods for
surface interaction-based analysis/putification wetre developed from small synthetic molecules to

significantly larger and complex biomolecules. Today, we can reveal the heterogeneity in assumed

homogeneous interactions using sophisticated numerical tools like reported in the literature [15].

In our work, numerical simulations were tested. The program considered the affinity constant and the
capacity deduced from SPR as a model input, the output cortesponding to a retention time (tr) [16] -
related to a given imidazole concentration (IMC) required for MCP elution. In parallel, IMAC protocol

was set up and applied to the same set of peptides. The simulated results were then compared with IMAC

experimental data for validating the IMAC chromatographic modelling.

2.Materials and Methods
2.1. Chemicals

The studied peptides (ze. HHH, HGH, HW, NCS, DAH, DTH, DSH, EAH, CAH, RTH, GNH) were

purchased from GeneCust (Dudelange, Luxembourg; Supplementary information. Figure S1) and
selected according to the literature [17, 18] (Supplementary information. Table S1). Their theoretical

physical-chemical parameters were determined from Calpep free software (Supplementary information.

Table S2).
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The NTA reagent kit, the BlAmaintenance Kit and nitriloacetic acid (NTA) sensor chip were purchased

at GE Healthcare Bio-Sciences AB (Uppsala, Sweden).

The imidazole and hydrochloric acid solution were purchased from Sigma (Saint Louis, USA). The
potassium phosphate monobasic (KH2PO,) and tween 20 Bioxtra, were provided from Sigma Aldrich
(Saint Louis, MO, USA). The sodium chloride (NaCl) and di-sodium hydrogen phosphate dodecahydrate
(NaaHPO4.12H20O) were purchased from VWR Chemicals (Leuven, Belgium). The ethylenediamine
tetraacetic acid disodium salt dihydrate (EDTA-Na,.2H,O) was purchased from Fluka Chemie (Buchs,
Swiss). The sodium hydroxide NaOH) 1M was purchased from Carlo ERBA (Val de Reuil, France). The
sodium dodecyl sulfate (SDS) was purchased from Biosolve BV Chimie (Dieuze, France). The nickel(II)
sulfate was putchased from Aldrich (Saint Louis, MO, USA). Ultrapute water (18.2 MQ.cm!) was

obtained using a Milli-Q System (Millipore, USA).

2.2. Surface Plasmon Resonance

2.2.1. Buffer and peptide solution

First, various buffers were prepared. The PBS 1X running buffer was prepared from a 10X PBS (67 mM
Na;HPO4.2H0, 12.5 mM KH;PO4, 150 mM NaCl, pH 7.4). Upon dilution, the PBS 1X was pH-

adjusted to 7.4 and tween 20 (0.005% (v/v)) added.

Several regeneration buffers were prepated as in Canabady-Rochelle ¢ @/ [19]: 500 mM imidazole
solution, a running buffer (10 mL of PBS 1X, 0.005% tween 20, pH 7.4, containing 87 uL. EDTA at 350
mM) and 0.5% SDS solution. Both imidazole and SDS solutions were prepared in ultrapure water. All
SPR buffers were filtered onto a 0.2 pm-membrane filters (Whatman™, Buckinghamshire, UK). For
viscous solutions (i.e. SDS), ultra-pure water was filtered before dissolving the chemicals. All peptides

were dissolved in binding buffer PBS 1X.

To plot SPR sorption isotherm, each peptide was studied at various concentrations ranging from 0 to 100
mM. Over 50 mM, the pH of peptide solution was adjusted to pH 7.4 when necessary, either with

concentrated NaOH (10N) or HCI (37% v/v).
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2.2.2.  Surface Plasmon Resonance experiments

The SPR experiments were led similatly as in Canabady-Rochelle ¢ a/. [19] and reported briefly. The
binding affinity of peptides and imidazole to Ni2+ was analysed by SPR at 25°C using a Biacore X100
instrument (GE Healthcare, Uppsala, Sweden) equipped with NTA sensor chips. All binding experiments
were performed at a flow rate of 20 pL.min-!. A 1-min injection of Ni?* onto the NTA chip using a NiCl,
solution (500 mM, Biacore kit) was followed with a 1-min stabilization. The NTA flow channel
uncharged in Ni?* was used as reference channel. Then, the peptide sample was injected on both channels

for 270s followed by 270s undisturbed dissociation time. Between each studied concentration, a

regeneration procedure was petformed as in Canabady-Rochelle e a/. [19]. Four buffer blanks before and

one at the end of the experiment were used as references during data processing.

The SPR sensorgramms were processed with BIAevaluate software to obtain isotherms expressed in
Resonance Unit (RU, corrected by the offset value) as a function of the peptide concentration C (M).
Considering the maximal response (R, RU), the dissociation constants (Kp, M) were determined at

equilibrium by fitting the experimental data with the 1:1 binding model. This former model follows the

Equation 1.
Rmax C

R = 1
Kp+ C @

2.3. Immobilised Metal ion Affinity Chromatography numerical simulation

2.3.1. Langmuir adsorption theory

In IMAC chromatography and for modelling purposes, knowledge of the equilibrium isotherm between
the stationary phase and the liquid phase is essential. The original Langmuir adsorption isotherm
describes a single layer adsorption. This former isotherm has a convex (upwards) curvature, between the

linear part and the maximum surface coverage. For such a so-called Type I isotherm, the corresponding
ovetloaded elution profile has a sharp front and a diffusive rear as previously described [20]. It tends to

linearity at very low solute concentrations (low surface coverage) and towards an asymptotic value Qmax
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for high concentrations (whole surface covered with solute). In chromatography, the general Langmuir
equation is presented in Equation 2.

— Qmax KA C

2
1+K,C (2)

with ¢, the maximal capacity (/L sudonary phasc), K4 , the affinity constant (in L/g) and C, the solute

concentration in mobile phase (g/L).

For using Equation 2 during IMAC simulation, binding parameters (K4 and R,..) measured in SPR must

be first converted.

To discuss K4 value transposition from SPR to IMAC, Equation 2 can be considered. For low peptide
concentration in liquid phase, the isotherm slope is given by the @mqx K4 factor, whose physical meaning

is linked to the affinity of the peptide for the fixation sites. This affinity can reasonably be assumed

independent of the geometry differences induced by a plane ship (SPR) or a spherical particle IMAC).

As far as C value in Equation 2 is expressed in mass concentration (g/L), the affinity constant must be

converted in I./g from the SPR value given in M1, as described in Equation 3.

K :KA,SPR: 1
P MW K g MW

&)

where MW is the peptide molecular weight expressed in g/mol and Ka, spr (M), the inverse of the

dissociation constant (Kp, M) measured in SPR.

By analogy to IMAC, the maximal SPR response R,.. is reached when all the accessible ligand-binding
sites are occupied by the analyte. Considering this and the work of Vunnum ez a/. [14], the amount of sites

potentially occupied by a peptide depends on its multi-pointed adsorption and its steric hindrance effects.
According to SPR chip specification, the binding of 1 ng/mm?2 of protein to the sensor surface leads

approximately to a response of 1000 RU. Since the matrix is about 100 nm thick, this represents a protein
concentration within the matrix of 10 mg/mlL [21]. Considering the specification given by Biacore and

the works of Merwe (2018) [21], a concentration of 1g/L corresponds to 100 RU. Besides, the unit of
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gmasspr is given in g/L. Therefore, for SPR sensor chip, the g, spr (g/L) was calculated according to
Equation 4:

R
9max,SPR = % (4')

where @max, spr is the liquid phase concentration at the NTA sensor chip interface (g/L) and R,.. the

maximal resonance determined in SPR (Resonance Unit, R.U.).

Besides, for the building of our model and for a true transposition between SPR and IMAC, the K. must
also be converted into a capacity value (¢ua) for simulation. In chromatography, the capacity (gus.) is the
quantity of species retained for a given mass or volume of stationary phase (e.g. g/L satonary phasc). 1O
transpose a liquid phase concentration in the vicinity of an interface in SPR (¢, spr) to a concentration
in a solid phase in IMAC (¢ma, n4¢), the accessible area of the stationary phase particle present in a given
volume must be determined in IMAC. For a porous stationary phase in IMAC, the Ni2*-NTA grafted

area accessible to peptides depends on porosity.

In spite of this difficulty, it can reasonably be assumed that the ratio G, mac OVeEr guax, spr does not
change significantly for the various peptides. This ratio depends on the ratio area over volume of the
stationary phase. Using ¢, spr value for IMAC simulation should therefore enable to compare peptides

behaviours. Hence, a unique notation ¢.. will be used.

Finally, for better simulation, the competitive effect must also be taken into account especially when
imidazole is used for elution in IMAC. For competitive adsorption of several components, the Langmuir
adsorption must be adapted; in this latter case, ¢;is expressed using Equation 5

— Qmax,iKA,iCi
1+Xj=1nKaj G

q; (5)

Where qmax,i and Ky ; are the parameters determined in mono-constituent conditions in Equation 2.
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2.3.2.  Transport dispersive model simulation for immobilised metal ion affinity chromatography

The numerical simulation used pdepe solver (Matlab 2012b) to predict the retention time in IMAC. The
program relies on a transport-dispersive model with Langmuir adsorption isotherm at low solute
concentration. This model describes the mass transfer inside the column, assuming isothermal adsorption,
radial homogeneity and lumped coefficients for axial dispersion and mass transfer resistances [20].
Drawing an analogy between a plug-flow reactor and the chromatographic column, it comprises a mass
balance (Equation 6) and a kinetic equation for the stationary phase adsorption (Equation 7):

E)Ci 1—¢r aql u 6Cl D 62Ci
at e Ot  ep dz L az?

vi=12,..,N.and z € (0,L) (6)

aq; .
a_tl =km(q; — q) (D

where 7 is the time coordinate, z the axial coordinate, &r the total porosity, # the superficial velocity, Dr.
the apparent axial dispersion coefficient, IN; the number of components in the system, L the column
length, £, the lumped mass transfer coefficient, and ¢* the solute concentration in the stationary phase at

equilibrium as defined by the adsorption equilibrium isotherm.

The apparent axial dispersion coefficient, Dy, is defined by an empirical correlation with Np, the

theoretical plate number (Equation 8) as described in Guiochon ez a/. [22].

D—uL 8
L= 205 ®

The number of theoretical plates can be determined experimentally from the chromatogram of an

unretained small molecule by measuring the peak width at half maximum peak height.
The parameters used for simulation are presented in Table 1.
2.4. Immobilized Metal ion Affinity Chromatography

IMAC used a high-performance liquid chromatography (HPLC) system (Shimadzu, Japan) at room

temperature and a flow rate of ImL.min"!. The HiFliQQ column (25mmX7mm id., ImL bed volume;
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Generon, UK) was prepacked with NTA resins. The parameters of HiFlick Ni2*NTA FPLC column are
presented in Supplementary information (Table S3). The column stored in ethanol was first washed
with 0.25 M NaCl aqueous solution after connection to the HPLC. The agarose adsorbent phase was
loaded with nickel ions until saturation by passing 10 mM nickel sulfate solution in water through the

column.

All peptide solutions were first prepared at 10 mM in PBS 1X as those used in SPR (section 2.2.1). Before
IMAC injection, they were diluted in PBS 1X to a final concentration of 2 mM. The PBS 1X was also

employed as the binding buffer. The IMAC operating conditions used are presented in Table 1.

The separation process was done twice on a blank, ze. 50 WL of the binding buffer and then on peptide

sample. After this step, the column was stripped and regenerated.

For IMAC, 50 UL sample was injected after equilibrating the column by 5 column bed volume (BV, ze.
1mL) of binding buffer. Afterward, 10-15 BV of the binding buffer was percolated through the column
until a stable baseline was reached in the column out stream. Strong binding impurities were then eluted
with a continuously increasing gradient of imidazole (0-100 mM) in the same binding buffer for 30 min.
Finally, the column was washed with 0.25 M NaCl aqueous solution, 0.5 M NaOH in water and again
0.25 M NaCl aqueous solution, 10-15 BV each time. After each run, the resins were stripped and
regenerated using sequentially 10 BV of aqueous solutions: 100 mM EDTA, 0.5 mM NaOH and then 10
mM NiSOy, with ultrapure water before and after each solution. During chromatography, the absorbance
was monitored at 232 nm, corresponding to the peptide bond absorption [23]. The absorbance of the

second blank was used for baseline subtraction.

3. Results and Discussion

3.1. Peptide-metal ion interaction characterization

3.1.1. Theoretical physical-chemical and structural parameters of peptides

The theoretical structures of studied peptides were plotted using Chemdraw free software (Figure S1).

According to Sigel, peptide-metal ion chelation is favoured by the existence of anchors such as histidine
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in the peptide sequence [24]. Strong interactions are also expected when coordinating groups like

hydroxyl(-OH), amine(-NH>), or carboxylate(-COQO") are presented in the side chain of the peptide.

Besides, physical-chemical properties of peptides were estimated according to PepCalc (Supplementary
information. Table S2). They were further used to interpret the experimental chromatographic results.
At pH 7.4, negatively charged peptides are able to interact with positively charged metal ion Ni?*. Some
peptides presented a negative charge of -0.9 (ze. DMH, DAH, DTH, DSH, and EAH). According to
Table S2, most of the investigated peptides possess an iso-electric point lower than 7.4, except HHH,
RTH, GNH, HGH and HW. Hence, these peptides are negatively charged under operating condition (pH

7.4) and their interaction with positively charged Ni?* may be favoured.

According to Sigel and Martin [24], the chelate effect between peptide and metal ion is favoured with the
presence of anchor present inside a peptide sequence such as histidine (.e. HGH, HHH, DAH ez).
Besides, we expect a favoured interaction between peptide and metal ion when coordinating groups such

as hydroxyl (OH), amine (NHb>) or carboxylate are present in the side chain of a given peptide.

3.1.2. Surface Plasmon Resonance sensorgramms and determination of binding parameters

In SPR, peptides were studied over a range of concentrations, injected to react with the Ni2* on the NTA-
Ni2+ chip. As example, the off-set-corrected sensorgramms obtained on NCS, HGH and HW peptides
are given in Figure 1. Whole sensorgramms of all the investigated peptides are presented in
supplementary data (Figure S2). When a given peptide presents an affinity with Ni2* and its
concentration is increased, the Ni2* is saturated with peptides, corresponding to a plateau value (Ze. no
more metal ions available for peptides in excess). In the range of concentration studied, all the
investigated peptides (Ze. HHH, HGH, HW, NCS, DAH, DTH, DSH, EAH, CAH, RTH, and GNH)

showed saturation.

From these sensorgramms, all the binding constants (Rmay, Kp and K4) were determined according to the
1:1 binding model fit (Equation 1), the Ria being corrected by the off-set value of the corresponding

isotherm (Table 2).
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The higher the K4 value or the lower the Kp value, the better the peptide affinity with metal ion.

Hereafter, the K4 is used to describe the affinity of peptides for immobilized Ni?*.

The K, value of HHH was of 1.44 X 104 M-L. In 2009, Knecht e /. [25] found a K4 value for HHH of 2
X 105 M-, similar to our results considering our experimental conditions. We used Phosphate buffer with
salt instead of HEPES with salt and EDTA in their experiments. Generally, other parameters of the
method were similar. When considering Table 2, the affinity of peptides for Ni2* evolves in the following

rank:

HHH>HW>HGH>NCS>DTH>CAH>DAH>DSH>GNH>EAH>RTH.

Generally, the Histidine-containing peptides present a noticeable affinity with metal ions, with K4 varying

from 1.61 X 102 M-! to 1.44 X 10* M-! for those containing either one or two His residues.

The K1 values for HHH, HGH and HW are comprised within 103-10*M-! and are respectively 10 or 100
times higher than those of the others peptides (~102 M!). Hence, except for HW, peptides sequences
containing two His residues present a higher affinity with Ni2* as compared with peptides containing a

single or no His residue.

The investigated peptides present either the His residue in the N-terminal part (z.e. HW, HHH, HGH), or

in the C-terminus (ze. RTH, DTH, GGH efz.). The first group presents a higher affinity with Ni2+ than the
second one. In agreement with Liler [26], the metal ion chelation is stronger when substitution occurs on

the amide nitrogen bound rather than through the substitution of hydrogen on the amide oxygen.

Hence, His residue seems important for peptide adsorption onto the immobilized Ni?*. These results

agree with the study of Porath e /. [17] concerning the histidine- metal chelation capacity.

This article is protected by copyright. All rights reserved. 12
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3.2.Immobilised Metal ion Affinity Chromatography metal-chelating
peptide elution

3.2.1 IMAC numerical simulation

The SPR adapted parameters used for the simulations (i.e. K1(g/L) and g (g/L)) and according to our

developed model, the simulated retention times obtained are presented in Table 2.

For the majority of investigated peptides (.e. EAH, DSH, NCS, RTH, DTH, DAH, CAH, and GNH),
the simulated retention time evolved form 0.54 min up to 0.78 min. For peptides with higher binding
affinity parameters in SPR (HGH, HW and HHH), the simulated retention time was respectively of 4.18

min, 10.02 min and 10.34 min.

3.2.2 Experimental chromatography

The Figure 2 presents the experimental chromatograms obtained for an elution carried out in the
absence of imidazole for peptides NCS, HGH and HW taken as examples (Figure S3 in supplementary
data for whole chromatograms). Whatever the peptide studied, a peak is observed at about 1.2 min. This
value corresponds to the time required for a non-retained species to go through the tubes and the column
interstitial volume, until reaching the detector. This species may be an impurity, present in the various

peptides investigated.

The time required to go through the tubes and the detector (#,, min) is therefore given by Equation 9.
tm(min) = 1.2 — to(min) (9)

with ty (min), the time required to go through column interstitial volume.

The former to value can be calculated using Equation 10.
to = — 10
o= o)

Where:

This article is protected by copyright. All rights reserved. 13
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- &is the porosity of the column (€=0.48),
- Vs the volume of the column (V=1 mL)

- and Q the flow rate (Q=1ml./min).
According to our experimental conditions, ty is determined to be equal to 0.48 min and the

tm value can be calculated as equal to 0.72 min. Hence, each experimental retention time value (tr, min)

must be corrected by the former calculated ty, value in order to evaluate the retention time in the column

solely.

The experimental retention times, corrected or not by the 7, are gathered in Table 2. Note that for DTH
peptide, the chromatogram presents several peaks and the choice of the appropriate peak is uncertain.
Besides, the 3 most retained peptides (Ze. HGH, HW and HHH) in experimental IMAC are those

presenting indeed the highest affinity constant determined in SPR.

3.2.3 Comparison between simulation and experimentation

The Figure 2 compares the experimental and the simulated chromatograms for peptides HGH, NCS and
HW solely. These compounds were chosen since their simulated retention times were in good agreement
with the experimental one in the absence of imidazole (Table 2). As previously mentioned, the
experimental set up includes tubes and detector whereas simulations take only into account the retention
in the column. The correction factor, 7, value of 0.72 min, must therefore be considered to compare

experimental and simulated chromatograms, which are in quite good agreement.

Figure 3, presenting the experimental retention time measured in IMAC as a function of the simulated
retention time using our developed model, allows the comparison of the retention time obtained either by
experiment or simulation for all the studied peptides. It can be observed that for the peptide species
weakly bound (Ze. EAH, DSH, RTH, DTH, DAH, CAH, GNH), the simulation slightly underestimates
the retention times whereas for the most retained peptides species (Z.e. HW and HHH), this one is over-

estimated. Despite these gaps, the trend is correct since the peptides are distributed close the bisectrix.
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Hence, from data obtained in SPR, we can simulate with accuracy the peptide retention in a IMAC

column.

In our study, the elution chromatography was simulated at low peptide concentration. Hence, the
retention time depends mainly on the slope (K4 gua) Of the isotherm at the origin corresponding to the
linear part of the isotherm while the gma asymptotic value has almost no significant impact on this
retention time. Therefore, the correct trend between simulation and experimental retention time tends to
validate the product gmqy K4 but further work must be carried out to estimate each value, which must be
transposed for IMAC separately. Indeed, each value of K4 and gmax taken independently have an impact
on the shape of the Langmuir isotherm. These former values affect the shape of chromatograms
obtained, notably on the diffusive rear. We can observe that the rear of chromatogram is more diffusive
in the case of simulation contrarily to those observed in the case of chromatographic experiments. This
observation justifies the work planned in perspectives to estimate each value of K4 and Qmax

independently.

3.3. Application of simulation: imidazole concentration effect on the peptide

retention time

In order to optimize the separation time and to evaluate the effect of the imidazole concentration on the
retention time, some simulations can be done. In this latter case, the Langmuir competitive sorption
isotherm desctibed by Equation 5 was used with Ky (L/g) and @mqyx (g/L) parameters determined for

imidazole in SPR and adapted for IMAC simulation given in Table 2.

As example, the Figure 4 presents the evolution of the simulated retention time of HW as a function of
the imidazole concentration in the case of isocratic elution. Figure 4 was obtained from 22 simulations

launched at fixed imidazole concentration, each simulation giving a simulated retention time.

Similarly, some simulations were cartied out to optimise a gradient in the case of multi-component
separations. The Figure 5 compares the separation of HW, HGH and NCS in the absence (panel A) and
in the presence (panel B) of imidazole gradient varying from 0 to 100 mM, for 30 min. It can be observed
that the use of an imidazole gradient enables to decrease the separation time from 15 min down to 10
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min, while keeping a good separation. These simulations are presented in order to illustrate some
examples of applications of the simulation tool we developed, even if we do not have the corresponding

experimental measurements to confront experience and simulations.

4 Conclusion and Perspectives

The aim of this work was to simulate peptide elution in Ni2*-IMAC from SPR data in order to predict
chromatographic separation. While taking into account the advantages of biosensors over IMAC
chromatography in terms of peptide quantity and solvent volumes used, experimental cost could be

largely reduced before launching time-consuming separation steps.

An appropriate simulation would enable to predict the peptides’ retention time in IMAC and the effect of
the imidazole concentration upon elution. In this work, the IMAC behaviour of 11 small-sized peptides
(mainly di and tri-peptides) was simulated by a MatlLab® program from their affinity constant and capacity

determined in SPR and then confronted to experimental data obtained in IMAC chromatography.

A transport-dispersive model, along with Langmuir adsorption isotherm, was chosen for numerical
simulation of IMAC. The comparison of simulated IMAC retention times with the experimental ones
proved that the modelling was correct, which tends to validate the transposition of the product Kaqmax
from SPR to IMAC. Simulation developed in this work can provide both a general idea on the time of
retention in IMAC and the effect of imidazole concentration on elution behaviour. Hence, the order of
peptide affinity determined in SPR gives a trend for the peptide elution in IMAC, where the di and tri-
peptides containing either two histidine residues (7.e. HHH and HGH) or a N-term histidine (Z.e. HW) can
be detected as having affinity with Ni(Il), at the same time, they can be adsorbed to the Ni(Il) on the
IMAC column. To confirm this trend, the same methodology should be applied to a larger bank of

peptide (~200 peptides).

The perspectives of this work focus on the estimation of both K4 and g value itself for IMAC
simulations (and not only the K4 ¢u.. product), that could be applied to higher concentration ranges in
peptide. The knowledge of these data will enable to simulate chromatographic modes such as frontal

chromatography for preparative purposes.
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Methodology aiming at predicting qmax, IMAC £fOM Qmax, spr Must be developed. For that purpose, gmax,mac

should be experimentally determined for imidazole and for several peptides using frontal chromatography,

dmax,SPR

which requires a significant amount of pure peptides. Calculation of the ratio for imidazole and

Amax,IMAC
peptides should allow to check whether this ratio presents a significant variation or not whatever the
peptide sequence. If this ratio presents small variations, the methodology will rely on the determination of

this ratio for imidazole only, avoiding the need of a significant amount of expensive pure peptides.

Besides, the values of K4 and qmas will be further adjusted and validated by comparison of the rear of the

chromatograms (simulated versus experimental).

Finally, the approach set up in our work for simple sites should be deepen for more complex systems as

initiated by Forssen e# a/. [15].
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Figure 1. Sorption isotherms obtained for NCS, HGH and HW model peptides corrected by the offset.
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Figure 2. Comparison between experimental chromatograms obtained during elution without imidazole
for some peptides (NCS, HGH, and HW) (A= 232 nm) and their simulated chromatograms. Panels (A),

(C) and (E): experimental chromatograms. Panels (B), (D) and (F): Simulated chromatograms.
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Figure 3. Comparison of experimental and simulated retention time in IMAC.
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Figure 4. Evolution of the simulated retention time of HW as a function of the imidazole concentration
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Figure 5. Simulation of the separation of HW, HGH and NCS without (A) and with (B) an imidazole

gradient, varying from 0 to 100 mM in 30 minutes.
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Table 1. Parameters used for Matlab® numerical simulation and IMAC experiments.

Journal of Separation Science

Parameters Value Unit
Matlab numerical simulation
Column diameter 0.7 cm
Column height 2.5 cm
Flow rate 1 mL/min
Simulation time 30 min
Gradient of imidazole 100/30 mM/min
Total porosity* 0.48
I(_kumr;Eed mass transfer coefficient 1. 00E+06 min!
?S)L;;irent axial dispersion coefficient 0.05 om?s
IMAC experiments
PBS 1X: 6.7 mM Na,HPOQO,, 1.25
Binding buffer mM KH,PO, and 15 mM NacCl, pH
7.4
Imidazole solution with linear
Elution buffer concentration gradient from 0 to mM
100mM
Elution time 30 min
Sample volume 50 pL
Peptide sample concentration 2 mM
Column regeneration frequency After every peptide assay
* Rough estimation
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Table 2. Simulated retention times obtained from SPR experimental data and experimental retention

times obtained in IMAC.

MwW Ka Ka Simulate Exp.t Correc
Compone Kp ,un Rimax Qmax P
(g/mo (M~ (L/ (gl dtr rR t. Exp.
nt (M) (RU) . .
) ) 9 ) (min) (min) tg
(min)
. 6.24
Imidazole 68.077 160 2.35 4135 0.41 - - -
E-03
5.92
EAH 355.35 £-03 169 0.48 28.54 0.29 0.54 1.71 0.99
5.59
DSH 357.32 £-03 179 0.50 39.90 0.40 0.56 2.44 1.72
2.07
NCS 322.34 £-03 483 1.50 2359 0.24 0.60 1.46 0.74
6.21
RTH 412.44 £-03 161 0.39 95.34 0.95 0.64 1.99 1.27
2.70
DTH 371.35 £-03 370 1.00 41.20 0.41 0.64 2.64 1.92
3.50
DAH 341.32 £-03 286 0.84 58.76 0.59 0.68 3.27 2.55
2.70
CAH 329.38 £-03 370 1.12 51.81 0.52 0.70 1.64 0.92
5.71 1271
GNH 326.31 £-03 175 0.54 0 1.27 0.78 2.43 1.71
HGH 349.35 2.32 4310 123 93.70 0.94 4.18 4.94 4.22
E-04 4
1.13 259 109.9
HW 341.36 E-04 8850 3 0 1.10 10.02 9.91 9.19
6.94 1440 33.5
HHH 429.43 E-05 0 3 99.78 1.00 10.34 6.89 6.17
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