Sequence-Specific Ni(II)-Dependent Peptide Bond Hydrolysis for Protein Engineering: Active Sequence Optimization.
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Abstract

In previous studies we showed that Ni(II) ions can hydrolytically cleave a peptide bond preceding Ser/Thr in peptides of a general sequence RN-(Ser/Thr)-Xaa-His-Zaa-RC, where RN and RC are any peptide sequences. A peptide library screening, assisted by accurate measurements of reaction kinetics for selected peptides, demonstrated the preference for bulky and aromatic residues at variable positions Xaa and Zaa [A. Krężel, E. Kopera, A.M. Protas, A. Wysłouch-Cieszyńska, J. Poznański, W. Bal, J. Am. Chem. Soc., 132 (2010) 3355–3366]. In this work we used a similar strategy to find out whether the next residue downstream to Zaa may influence the reaction rate. Using a Ac-Gly-Ala-Ser-Arg-His-Zaa-Baa-Arg-Leu-NH2 library, with Zaa and Baa positions containing all common amino acids except of Cys, we found a very strong preference for aromatic residues in both variable positions. This finding significantly limits the range of useful Xaa, Zaa and Baa substitutions, thus facilitating the search for optimal sequences for protein engineering applications [E. Kopera, A. Belczyk-Ciesielska, W. Bal, PLoS One 7 (2012) e36350].
Keywords

peptide bond hydrolysis

nickel(II) complex

rate constant

peptide library

1. Introduction

The sequence specific cleavage of the peptide bond has been an issue of interest in protein  in biotechnology. We thoroughly studied the hydrolysis assisted by Ni(II) ions in RN-(Ser/Thr)-Xaa-His-Zaa-RC peptide sequences. First, we found that hydrolysis occurred when Xaa was Ala or His, Zaa was Lys, and RN and RC were nonspecific N-terminal and C-terminal peptide sequences. The RN-(Ser/Thr) peptide bond was uniquely hydrolyzed in these peptides in the presence of Ni(II)ions above pH 7 [1-4]. Aiming to find a general set of rules relating the substitutions at Xaa and Zaa and the rate of hydrolysis we prepared a combinatorial library of R1-(Ser/Thr)-Xaa-His-Zaa-R2 peptides. In this library Xaa residues included 17 common R-amino acids (except Asp, Glu, and Cys), and Zaa residues included 19 common R-amino acids, except Cys. The leaving group R1 was Ac-Gly-Ala, and the invariable C-terminal tail R2 was Lys-Phe-Leu-NH2. Matrix-assisted laser desorption/ionization (MALDI-TOF) mass spectrometry was used for screening the hydrolysis of peptides. The statistical analysis of screening results indicated that bulky and hydrophobic amino acids were preferred in Xaa and Zaa positions, and Ser was preferred over Thr in the alternative position preceding Xaa [5]. These results were confirmed by accurate studies of reaction kinetics for selected peptides. In the follow-up study, we deciphered the multi-step mechanism of this reaction. The crucial element of this mechanism is the formation of the intermediate ester, resulting from the acyl shift from the Ser/Thr amide side chain hydroxyl. This ester hydrolyzes spontaneously in water, yielding two peptide products R1 and (Ser/Thr)-Xaa-His-Zaa-R2, with the Ni(II) ion bound to the latter peptide. The role of the Ni(II) ion in the reaction is structural, rather than catalytic [6].

According to those results the optimal condition of Ni(II) dependent peptide bond hydrolysis are pH of 8.2 or above and temperature above 40 °C. We demonstrated the usefulness of this reaction in protein purification, as a tool for specific removal of affinity tag from a thermostable fusion protein [7]. However, to enable broader biotechnological use of this method further sequence optimization is required, so that milder reaction conditions could be applied. We therefore decided to systematically review the effects of substitutions in positions Zaa and Baa on the rate of hydrolysis of peptide bond preceding Ser in RN-Ser-Arg-His-Zaa-Baa-sequences (Baa was invariably Lys in R1-(Ser/Thr)-Xaa-His-Zaa-R2 peptides). For this purpose, we synthesized a combinatorial library of R1-Ser-Arg-His-Zaa-Baa-R3 peptides, where R1 is Ac-Gly-Ala, and R3 is Arg-Leu-NH2, studied their Ni(II)-related hydrolysis using MALDI-TOF mass spectrometry, and performed a thorough statistical analysis of relations between the reaction rate and the peptide sequence. The reason for changing the C-terminal dipeptide from the previous Phe-Leu to Arg-Leu was the necessity to assure the presence of the positive charge in all peptides to enable time-of-flight detection in the MALDI experiment. In the previous library it was accomplished by the Lys residue, which became the variable Baa residue in the current study. We verified the library screening results for selected R1-Ser-Arg-His-Zaa-Baa-R3 peptides using HPLC. In order to provide correspondence with the previous library study [5] a second set of peptides was studied, differing by the C-terminal substitution. These peptides contained the last two amino acids of the previously used used R2 sequence, R4: Phe-Leu-NH2). Eventually, we modeled the lowest energetic structures of the peptide characterized by the highest Ni(II) dependent hydrolysis rate.
2. Experimental
2.1. Materials

N-α-9-Fluorenylmethyloxycarbonyl amino acids (F-moc amino acids) were purchased from Sigma-Aldrich. and Fluka Co. Trifluoroacetic acid (TFA), piperidine, O-(benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate (HBTU), triisopropylsilane (TIS), N,N-diisopropylethylamine (DIEA) and Ni(II) chloride hexahydrate were obtained from Sigma-Aldrich. TentaGel® S RAM resin was obtained from Rapp Polymer Inc. Acetonitrile (HPLC grade) was obtained from Rathburn Chemicals Ltd. Pure sodium hydroxide was obtained from Chempur. 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (≥99.5%) was purchased from Carl Roth GmbH.
2.2. Peptide library synthesis.
Solid-phase peptide synthesis of the library was performed automatically (Prelude Peptide Synthesizer, Protein Technologies) by the Fmoc/t-Bu strategy [8]. The general formula of the library, illustrated in Scheme 1, was Ac-GASRHZBRL-NH2 with variable positions Z and B (Z corresponds to the three-letter label Zaa, and B corresponds to Baa). The peptides were synthesized with Z known and B randomized in three batches containing equal amounts of respective amino acids. Batch A = (W, R, K, D, L, V), Batch B = (F, H, M, Q, I, P, A), and Batch C = (Y, E, N, T, S, G) were chosen to provide the minimal possible overlap of peptide signals in the MALDI-TOF spectrum This approach generated 57 sublibraries, which were desalted and purified by HPLC (Breeze, Waters) using an analytical C18 column (ACE, 250 x 4.6 mm) monitored at 220 and 280 nm. The eluting solvent A was 0.1% (v/v) trifluoroacetic acid (TFA) in water, and solvent B was 0.1% (v/v) TFA in 90% (v/v) acetonitrile. The sequences were confirmed using a Q-Tof1 ESI-MS spectrometer (Waters).
2.3. Peptide synthesis.

Individual peptides were synthesized in the solid phase according to the F-moc protocol [8]. All syntheses were accomplished on TentaGel S RAM resin using HBTU as the coupling reagent, and Fmoc-AA, both in the presence of DIEA (1:1:2 in DMF). In all cases the cleavage was done manually by a reagent composed of 95% TFA, 2.5% TIS and 2.5% water. The acetylation of the N-terminus was carried out in 20% of acetic anhydride in dichloromethane (DCM). The peptides were purified by HPLC (Breeze, Waters) using an analytical C18 column (ACE, 250 × 4.6 mm) monitored at 220 and 280 nm. The eluting solvent A was 0.1% (v/v) TFA in water, and solvent B was 0.1% (v/v) TFA in 90% (v/v) acetonitrile. The sequences were confirmed using a Q-Tof1 ESI-MS spectrometer (Waters). Sequences of these individually synthesized peptides are shown in the Table 1.
2.4. MALDI-TOF screening of hydrolysis progress in sublibraries.
The hydrolysis tests were performed in 20 mM HEPES at pH 8.2 and the temperature of 37 °C in the thermoblock (J.W. Electronics), controlled within ±0.2 °C. The samples contained 1 mM peptide sublibrary, 0.17 mM Internal Standard Peptide (ISP) (FTPPVQAAYQK) and 1.25 mM Ni(II). The 20 µl aliquots were collected at 0, 60, 120, 240, and 360 minutes. These aliquots were added to 4 µl of 1 % (v/v) TFA to stop the reaction. These final acidified solutions were stored at 4 °C. Every collected sublibrary sample was analyzed on a Biflex III MALDI-TOF Mass Spectrometer in the range of spectrum from 700 Da to 1500 Da, using HCCA matrix.
2.5. HPLC measurements of hydrolysis rates.
The hydrolysis tests were performed in 20 mM HEPES at pH 8.2 and the temperature of 37 °C in the thermoblock (J.W. Electronics), controlled within ±0.2 °C. The samples contained 1 mM peptide and 1.25 mM Ni(II). The aliquots were collected at 0, 15, 30, 45, 60, 90, 120, 180, 240, 300, 360 and 480 minutes. 50 µl aliquots were added to 50 µl of 1 % (v/v) TFA to stop the reaction .These final acidified solutions were stored at 4° C prior to the analysis. The analytical C18 column was used for separation. The eluting buffer A was 0.1 % (v/v) TFA in water, and solvent B was 0.1 % (v/v) TFA in 90 % (v/v) acetonitrile. Reaction mixtures were diluted by water (20 µl of water to 40 µl of solution) in inserts and placed in the autosampler carousel. 10 µl of each sample was injected to system and the chromatograms were obtained at 220 and 280 nm. Control aliquots were collected which contained peptide and buffer, without Ni(II) at the same time points. Pseudo-1st order kinetic constants were calculated using Microcal Origin 8.1, by integrating HPLC peaks. 

The calculations of reaction rates of individual peptides depended on the presence of the intermediate reaction product (IP). For the reactions where IP was detected, the set of three equations (Kinet A, Kinet B, and Kinet C, Eq. 1-3) was used to obtain the rate constants k1 and k2. For reactions without detectable IP, Kinet A was used to find the substrate decay rate constant. As a double check in these cases, the product formation constant, in principle identical to k1, was fitted using Kinet D (Eq. 4). These calculations were analogous to those published by us recently for a different set of hydrolytic peptides [9].
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Eq. 4
2.6. Molecular modeling
The molecular model of the Ni(II) complex in a lowest energy conformation was prepared for Ac-Gly-Ala-Ser-Arg-His-Trp-Trp-Arg-Leu-NH2 (R1-Ser-Arg-His-Trp-Trp-R3). Calculation of simulated annealing followed by energy minimization using the Steepest Descent Method was done in YASARA software [10] using AMBER03 force field [11] extended to parameterize a square-planar Ni(II) complex. The required bond lengths and angles were taken from the structure of a highly analogous Ni(II) complex with glycylglycyl-α-hydroxy-D, L-histamine [12]. Semi-empiric PM6 method [13] was used to calculate the Ni(II) charge in MOPAC2009 software [14]. 1000 structures of the complex Ni(II) ion were generated and ranked according to pseudo-energy provided by the software. This pseudo-energy is the combination of the force-field energy and solvation energy, both calculated by YASARA with the penalty term introduced by us, and consisting of the set of restrains on dihedral angles. The values of these angles were selected to maintain the square-planar geometry of the Ni(II) ion, which is an experimental fact. For the sake of simplicity, we use the term “energy” throughout the text, each time meaning the pseudo-energy defined above.
3. Results

3.1. MALDI-TOF screening of hydrolysis progress.
The purpose of this study was to establish a correlation between substitutions in positions Zaa and Baa and the rate of Ni(II)-dependent hydrolysis of the R1-Ser peptide bond. The peptide libraries designed for this study had a general sequence R1-Ser-Arg-His-Zaa-Baa-R3. Zaa and Baa included 19 common α-amino acids (except Cys). In the beginning of incubation only masses corresponding to substrates and ISP appeared in the MALDI spectra. During the incubation these intensities decreased. At the same time the products masses appeared and increased with the time of reaction. Typical changes in the MALDI spectra are shown in Figure 1. The constant mass separation between the substrates and products, equal to 170 Da (the mass of the common R1 reaction product), assured a good separation and, consequently, easy identification of signals of reaction products. The presence of the Arg residue in the invariable R3 tail of the C-terminal hydrolysis products assured the sufficient positive ionization of all library members. In the second set of peptides, Lys substituted for Arg. That enabled us to compare the results with the previous library studies, which used this amino acid as a source of the positive peptide charge. The progress of reaction was evaluated by visual detection in mass spectra of the appearance of signals corresponding to expected products of hydrolysis, Ser-Arg-His-Zaa-Baa-R3, at given tm. The method and formula used for the semiquantitative evaluation of reaction progress had the form of Eq. 5, introduced in our previous library paper [5].
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                                                           Eq. 5.
According to Eq. 5, a given peptide was assigned a score (Sc) of 24, if a peak corresponding to its predicted hydrolysis product was detected at 1 h, and scores of 12, 6, and 4 were assigned for such detection at 2, 4, and 6 h, respectively. These results are shown in Table 2. The entry was labeled X if no trace of the substrate was seen at the beginning of incubation. A score of 0 was assigned if no trace of the product of hydrolysis was seen after 6 h of incubation. The data were not collected for longer than 6 h because at such times the hydrolysis was seen for practically all peptides, providing no scoring information.
The library scoring was performed according to our previously established procedure, which is based on an assumption of additivity of Zaa and Baa contributions to the hydrolysis rate [5]. The Sc values were summed up in lines and columns of Table 2, thereby creating cumulative scores for substituents in these positions, ZSc and BSc, respectively. Individual peptide scores, ISc, were calculated by adding ZSc and BSc of its substituents. As shown in Table 2, the highest reactivity was displayed for Zaa= Trp, Tyr, Met and for Baa= Trp, Tyr, Phe.
3.2. Statistical analysis.

Guided by previous results [5] we hypothesized that contributions of Zaa and Baa substitutions to the hydrolysis rate are independent and numerically multiplicative. The analysis, performed using contingency-like tables confirmed this assumption, which enabled a deeper statistical insight into the library data. Visual inspection of Table 2 suggested that the hydrolysis was particularly fast for aromatic residues in positions Zaa and Baa. This observation was tested with the aid of Wilcoxon signed-rank test [15, 16]. Prior to this test, the missing values of Table 2 were linearly extrapolated.

Table 3 and Table 4 show the result of this test for positions Zaa and Baa, respectively, where the zero hypothesis claimed no relationship between the hydrolysis rate and the identity of the amino acid. The cells marked with color in these Tables indicate the p-values exceeding the assumed confidence level (0.05), thus not sufficient to reject the hypothesis. 

The pattern seen in these tables leads to a classification of substitutions. At Zaa there are two groups visible. Trp, Tyr, Met, Ser, and Phe accelerate the hydrolysis, compared to all the other substituents. At Baa three groups could be discerned. Trp, Tyr and Phe provided the acceleration of hydrolysis, compared to most other substituents, except of Lys and Asp, which were distinctly slower than the rest.

3.3. HPLC measurements of hydrolysis rates.
In order to validate the rate/substitution relationship derived from the library study, two sets of seven peptides each were synthesized and studied individually. Set 1 corresponded directly to the currently used library, containing the invariable C-terminal sequence R3 (Arg-Leu-NH2), while Set 2 was equipped with the C-terminal sequence R4 (Phe-Leu-NH2), pertaining to the previously studied libraries. The additional advantage of using these two sets of peptides was a possibility to test whether the hydrolysis rate is sensitive to substitutions downstream of Baa. The same variable ZB dipeptides were used in both sets. They included fast-reacting WW, WY and WM, intermediate AH and KS and slow GK and TD.
The Ni(II)-dependent hydrolysis of these sets was studied under the conditions analogous to those used in library screening, but the with the use of a quantitative methodology. HPLC was used to separate and quantify reaction substrates and products, which were identified by ESI-MS. The reaction rates were obtained by fitting the normalized integrals of the substrate, the intermediate product (IP) and the C-terminal reaction product, as described previously [9]. The IPs were automatically summed up with their substrates during the MALDI-TOF scoring of peptide libraries, since their masses were identical, but in the HPLC analysis we were able to quantify the IPs as well, using Equations 1, 2 and 3. Eq. 4 was used in cases when the intermediate product was not detected. In such case a single k was determined instead of k1 and k2. Table 5 provides all kinetic parameters thus obtained. The half-times were obtained directly from experimental curves in order to make them independent of the method of rate constant calculations.
Fig. 3 compares the susceptibility for hydrolysis obtained for Set 1 peptides with their library ISc values. We used the reverse of t1/2 for the product formation as surrogate reaction rate corresponding to the library screening technique which, by necessity, pooled the substrate and the IP, having the same molecular masses. A satisfactory correlation was obtained, which validates the library method. 
The hydrolytic capabilities of Set 1 and Set 2 peptides were compared using the Wilcoxon’s signed ranks test. The difference was statistically insignificant at the confidence level of 0.05 (only one out of seven peptides – TD – ranked differently between Set 1 and Set 2).
3.4. Molecular modeling.

In order to understand the geometrical circumstances of hydrolysis, a molecular model of the Ni(II) complex in the lowest energy conformation was prepared for the R1-Ser-Arg-His-Trp-Trp-R3 peptide. 10 lowest energy conformers, out of 1000 generated by simulated annealing, are shown in Fig. 4A. This structure is characterized by a small area and a closely packed structure. The complexed Ni(II) ion is protected by indole rings of two Trp residues, one of them nearly parallel to the imidazole ring of His and another, on the other side of the complex, near to the Arg side chain (Figure 4B). Such geometry is likely to create favorable conditions for the acyl-shift step of hydrolysis [6]. We also studied the behavior of Trp side chains in the water environment through the molecular dynamics simulations in a water box. For the lowest energy conformer the 28.325 ps of molecular dynamics simulation in explicit water was carried out using the build-in protocol in YASARA. The results are presented in Fig. 5. At the time around 10 ns the decrease in total energy, increase in RMSD values relative to the initial structure and decrease in solvent accessible surface area of the HWW residues can be observed. Altogether these findings point to the conformational change of the peptide. This can indeed be seen in Fig. 6 from the comparison of average structures present at 0-10 ns (A) and at 10-20 ns (B). The side chain of Trp in position Baa moved towards the chelate system, positioning itself in the vicinity of the Trp in position Zaa.
4. Discussion

This and previous studies [5, 6, 9] show that the rate of Ni(II)-dependent peptide bond hydrolysis in RN-(Ser/Thr)-Xaa-His-Zaa-Baa-RC peptides is strongly related to physical properties of amino acid side chains near the active Ser/Thr residue. The first library study demonstrated that residues Xaa and Zaa contribute to the reaction rate independently and that bulky and/or hydrophobic residues are preferred in both positions [5]. The optimal Xaa/Zaa substitutions were Arg/Trp and Lys/Trp, while the Trp/Trp couple was less reactive. This was apparently due to a secondary interaction between the aromatic chains of these residues, cancelling the additivity of their contributions to the hydrolysis rate. That study was performed for a fixed Baa = Lys, which was chosen arbitrarily as the source of the positive charge for better detection by MALDT-TOF. In this study we used the fixed Xaa = Arg and fully randomized positions Zaa and Baa. The statistical analysis of library screening (Tables 3 and 4) and studies of individual peptides, summarized in Table 5, confirmed the preference for aromatic substitutions at Zaa, but interestingly, bulky Arg and Lys residues locate themselves in the middle of the range, at positions 8 and 10 in the ISc ranking, behind such a small and hydrophilic residue as Ser, ranked 4 (Table 2). Very clearly, the presence of an aromatic residue at Baa is more important for the fast hydrolysis than the identity of the Zaa residue, but still aromatic Trp and Tyr are optimal substitutions for this position. Strikingly, the Lys substitution at Baa, used previously, appears to be the worst possible choice. 
We did not study the effect of the further residue, downstream of Baa, on the reaction rate in a systematic fashion, but a comparison of rate constants obtained for Set 1 (Arg) with those for Set 2 (Phe), given in Table 5, strongly suggests a similar phenomenon. A comparison of t1/2 for the product formation, which is the overall measure of the reaction rate between these sets of peptides indicates that each of Set 2 peptides was hydrolyzed faster from its Set 1 counterpart, with the average rate enhancement of 1.7 ± 0.5 times. This effect suggests that a good hydrolytic sequence for protein engineering should contain a stretch of at least three aromatic residues downstream of the Ni(II)-binding His residue.


These empirical considerations find support in molecular dynamics calculations. The low energy structures shown in Figs. 4 and 6 demonstrate that Trp side chains in positions Zaa and Baa do not interact directly in electronic terms, but rather reside adjacent to each other and fill space “below” the complex plane. This absence of direct interaction corresponds to the independence and additivity of Zaa and Baa contributions seen in the library screening. Previously, using D-amino acids we established that the hydrolysis reaction depends on mutual orientations of Ser (or Thr), Xaa and His residues [9]. Therefore, the effect of Zaa and Baa residues, found in this work, likely consists of the stabilization of the productive conformation of the His ring in the hydrolytic complex.
5. Conclusion

In this work we used the peptide library to establish that introduction of aromatic residues downstream of the Ni(II) binding site, Zaa and Baa can significantly increase the rate of Ni(II)-assisted peptide bond hydrolysis in RN-Ser-Xaa-His-Zaa-Baa-RC peptides. The comparison of rates of individually synthesized peptides suggested that an aromatic residue may be preferred also in the next position downstream of Baa. These finding significantly narrow the range of useful Xaa, Zaa and Baa substitutions, thus facilitating the search for optimal sequences for protein engineering applications of the studied reaction, such as affinity tag removal [7].
6. Abbreviations

B, Baa

Variable amino acid two positions downstream to His

DCM

Dichloromethane

DIPEA

N,N-Diisopropylethylamine, or Hünig's base

DMF

Dimethylformamide

EDT

1,2-ethanedithiol

ESI-MS
Electrospray ionization mass spectrometry or electrospray mass spectrometry

HEPES
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid or 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid

HOBt

N-hydroxybenzotriazol
ISc

Individual peptide score

MALDI-TOF
Matrix-assisted laser desorption/ionization
R1 

Ac-Gly-Ala

R2 

Lys-Phe-Leu-NH2
R3 

Arg-Leu-NH2
R4 

Phe-Leu-NH2
TBTU

N-[(1H-benzotriazol-1-yl)(dimethylamino)methylene]-N-methylmethanaminium tetrafluoroborate N-oxide

TFA

Trifluoroacetic acid

TIS

Triisopropylsilane
Z, Zaa

Variable amino acid one position downstream to His
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Figure captions.
Figure 1. An example of sublibrary screening using MALDI-TOF spectra. Incubation of 1 mM R1-Ser-Arg-His-Trp-Trp-R3 peptides with 1.25 mM Ni(II) at 37 °C in 20 mM HEPES buffer, pH 8.2. (*) Internal Standard: FTPPVQAAYQK.

Figure 2. The kinetic analysis of Ni(II)-assisted hydrolysis of individual peptides. The example of R1-SRHWW-R3 is shown. The lines are results of fitting of areas of HPLC peaks recorded at 220 nm. Equations 1, 2, and 3 were used to fit the substrate, intermediate, and final product peak areas, solid, dotted and dashed lines, respectively.
Figure 3. Comparison of individual peptide scores (ISc) from MALDI-TOF screening with the reverse of half-life of substrate, derived directly from HLPC measurements (Table 5). The solid line represents the linear fit to the data.
Figure 4. A – Stereo-view of 10 lowest energy conformations of the Ni(II) complex of the 
R1-SRHWW-R3 peptide. B – Stereo-view of the single lowest energy conformer selected from the 10 shown in A.; The indole ring of Trp at Zaa is yellow, and that of Trp at Baa is navy blue.
Figure 5. The results of molecular dynamics (MD) simulations of Ni(II) complex with the 
R1-SRHWW-R3 peptide. (A) Total energy of the complex (black) during MD simulation and its 20 points average (white). (B) RMSD of Cα (solid line) and heavy atoms (dotted line) during the MD simulation. (C) Solvent accessible surface (SAS) area of HWW residues versus simulation time.
Figure 6. Stereo-view of average conformations of the R1-SRHWW-R3 peptide during the 0-10 ns (A) and 10-28.325 ns (B) period of the MD simulation in water box. Structures are coloured according to the β factors, calculated using internal Yasara protocol from root mean square fluctuations (RMSF) [10] (from 0 – blue, 50 –red, to 100 –yellow).

Scheme 1. The strategy of library synthesis. There are 361 Ac-Gly-Ala-Ser-Arg-His-Zaa-Baa-Arg-Leu-NH2 peptides in 57 sublibraries, generated by three batches of Baa residues for each of 19 Zaa residues. 
Table 1. Peptides selected for individual hydrolysis studies.

	Zaa-Baa
	Sequence 

	Set 1 
	Ac-GASRHZBRL-NH2

	WW
	-GASRHWWRL-

	WY
	-GASRHWYRL-

	WM
	-GASRHWMRL-

	KS
	-GASRHKSRL-

	AH
	-GASRHAHRL-

	TD
	-GASRHTDRL-

	GK
	-GASRHGKRL-

	Set 2  
	Ac-GASRHZBFL-NH2

	WW
	-GASRHWWFL-

	WY
	-GASRHWYFL-

	WM
	-GASRHWMFL-

	KS
	-GASRHKSFL-

	AH
	-GASRHAHFL-

	TD
	-GASRHTDFL-

	GK
	-GASRHGKFL-


Table 2. Hydrolysis scores (Eq. 5) and Zaa and Baa residue rankings, obtained by MALDI-TOF screening of the library of 1 mM R1-Ser-Arg-His-Zaa- Baa-R3 peptides incubated with 1.25 mM Ni(II) at 37 °C for 6 h in 20 mM HEPES Buffer, pH 8.2. X denotes the residue absent in the batch.
	Zaa
Baa
	N
	D
	P
	G
	Q
	H
	A
	T
	V
	R
	I
	K
	E
	L
	F
	S
	M
	Y
	W
	ZSc

	K
	X
	4
	4
	0
	4
	4
	4
	6
	6
	6
	X
	12
	12
	4
	6
	6
	12
	12
	12
	114

	D
	4
	4
	6
	6
	6
	4
	0
	0
	6
	6
	6
	6
	4
	4
	12
	6
	12
	24
	12
	128

	H
	4
	6
	X
	6
	12
	4
	6
	12
	12
	12
	12
	6
	6
	12
	12
	6
	12
	12
	12
	164

	V
	4
	6
	4
	6
	12
	6
	12
	6
	12
	6
	12
	12
	12
	6
	6
	12
	12
	12
	12
	170

	T
	4
	6
	6
	6
	4
	12
	6
	12
	12
	12
	12
	6
	12
	6
	12
	12
	12
	12
	12
	176

	Q
	4
	6
	X
	12
	6
	4
	X
	12
	12
	12
	6
	12
	12
	12
	12
	6
	12
	12
	24
	176

	A
	4
	6
	6
	6
	12
	4
	12
	12
	12
	12
	12
	12
	12
	12
	12
	12
	12
	12
	24
	206

	S
	4
	6
	6
	6
	6
	24
	6
	4
	12
	12
	12
	12
	12
	6
	24
	12
	12
	24
	12
	212

	E
	6
	12
	12
	6
	4
	12
	6
	12
	12
	12
	12
	12
	12
	12
	12
	12
	12
	24
	12
	214

	R
	4
	6
	6
	12
	12
	6
	12
	12
	6
	12
	6
	12
	12
	6
	12
	24
	24
	24
	12
	220

	M
	4
	6
	12
	12
	12
	6
	24
	12
	12
	12
	12
	12
	12
	12
	12
	24
	12
	12
	24
	244

	N
	4
	12
	12
	12
	6
	12
	6
	X
	12
	12
	4
	12
	12
	24
	24
	24
	24
	24
	12
	248

	I
	4
	6
	6
	12
	12
	6
	12
	12
	12
	12
	24
	24
	12
	24
	12
	12
	12
	12
	24
	250

	G
	4
	6
	12
	12
	4
	12
	6
	6
	12
	12
	12
	12
	12
	24
	24
	12
	24
	24
	24
	254

	P
	4
	6
	6
	12
	12
	6
	24
	12
	12
	12
	24
	12
	12
	24
	12
	24
	24
	12
	24
	274

	L
	4
	6
	6
	12
	12
	24
	12
	24
	12
	12
	12
	12
	24
	12
	12
	24
	24
	24
	24
	292

	F
	12
	12
	24
	12
	24
	24
	24
	24
	24
	24
	24
	24
	24
	24
	24
	24
	24
	24
	24
	420

	Y
	24
	12
	12
	24
	24
	24
	24
	24
	24
	24
	24
	24
	24
	24
	24
	24
	24
	24
	24
	432

	W
	24
	24
	24
	24
	24
	24
	24
	24
	24
	24
	24
	24
	24
	24
	24
	24
	24
	24
	24
	456

	BSc
	122
	152
	164
	198
	208
	218
	220
	226
	246
	246
	250
	258
	262
	272
	288
	300
	324
	348
	348
	4650


Table 3. p-Values obtained using Wilcoxon signed-rank test for the zero hypothesis claiming equal contributions for each pair of Zaa residues. Marked cells denote pairs for which the null hypothesis cannot be rejected at confidence level of 0.05.

	 
	N
	D
	P
	G
	Q
	H
	A
	T
	V
	R
	I
	K
	E
	L
	F
	S
	M
	Y
	W

	N
	1.0000
	0.0011
	0.0008
	0.0007
	0.0020
	0.0037
	0.0010
	0.0007
	0.0000
	0.0000
	0.0001
	0.0000
	0.0001
	0.0002
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000

	D
	0.0011
	1.0000
	0.5547
	0.0736
	0.2333
	0.5262
	0.1263
	0.0156
	0.0007
	0.0007
	0.0059
	0.0006
	0.0006
	0.0155
	0.0002
	0.0006
	0.0000
	0.0000
	0.0000

	P
	0.0008
	0.5547
	1.0000
	0.2774
	0.5191
	0.8307
	0.3286
	0.0734
	0.0091
	0.0091
	0.0344
	0.0070
	0.0060
	0.0580
	0.0018
	0.0044
	0.0001
	0.0001
	0.0001

	G
	0.0007
	0.0736
	0.2774
	1.0000
	0.9011
	0.7037
	0.8895
	0.3272
	0.1066
	0.1066
	0.2033
	0.0770
	0.0531
	0.2187
	0.0187
	0.0334
	0.0013
	0.0004
	0.0004

	Q
	0.0020
	0.2333
	0.5191
	0.9011
	1.0000
	0.8918
	0.7499
	0.3666
	0.1425
	0.1425
	0.2101
	0.1045
	0.0877
	0.2063
	0.0320
	0.0397
	0.0039
	0.0014
	0.0014

	H
	0.0037
	0.5262
	0.8307
	0.7037
	0.8918
	1.0000
	0.6181
	0.3622
	0.1458
	0.1458
	0.2024
	0.1132
	0.1145
	0.2093
	0.0462
	0.0480
	0.0104
	0.0045
	0.0045

	A
	0.0010
	0.1263
	0.3286
	0.8895
	0.7499
	0.6181
	1.0000
	0.5707
	0.2793
	0.2793
	0.3826
	0.2188
	0.1944
	0.3857
	0.0856
	0.1006
	0.0158
	0.0066
	0.0066

	T
	0.0007
	0.0156
	0.0734
	0.3272
	0.3666
	0.3622
	0.5707
	1.0000
	0.7266
	0.7266
	0.7643
	0.5662
	0.4637
	0.6434
	0.2181
	0.2231
	0.0338
	0.0111
	0.0111

	V
	0.0000
	0.0007
	0.0091
	0.1066
	0.1425
	0.1458
	0.2793
	0.7266
	1.0000
	1.0000
	0.9738
	0.7943
	0.6183
	0.8868
	0.2828
	0.3111
	0.0293
	0.0080
	0.0080

	R
	0.0000
	0.0007
	0.0091
	0.1066
	0.1425
	0.1458
	0.2793
	0.7266
	1.0000
	1.0000
	0.9738
	0.7943
	0.6183
	0.8868
	0.2828
	0.3111
	0.0293
	0.0080
	0.0080

	I
	0.0001
	0.0059
	0.0344
	0.2033
	0.2101
	0.2024
	0.3826
	0.7643
	0.9738
	0.9738
	1.0000
	0.7955
	0.6936
	0.8897
	0.3601
	0.3576
	0.0724
	0.0261
	0.0261

	K
	0.0000
	0.0006
	0.0070
	0.0770
	0.1045
	0.1132
	0.2188
	0.5662
	0.7943
	0.7943
	0.7955
	1.0000
	0.8484
	0.9749
	0.4406
	0.4440
	0.0681
	0.0208
	0.0208

	E
	0.0001
	0.0006
	0.0060
	0.0531
	0.0877
	0.1145
	0.1944
	0.4637
	0.6183
	0.6183
	0.6936
	0.8484
	1.0000
	0.9243
	0.5498
	0.5089
	0.0945
	0.0279
	0.0279

	L
	0.0002
	0.0155
	0.0580
	0.2187
	0.2063
	0.2093
	0.3857
	0.6434
	0.8868
	0.8868
	0.8897
	0.9749
	0.9243
	1.0000
	0.5513
	0.4959
	0.1831
	0.0813
	0.0813

	F
	0.0000
	0.0002
	0.0018
	0.0187
	0.0320
	0.0462
	0.0856
	0.2181
	0.2828
	0.2828
	0.3601
	0.4406
	0.5498
	0.5513
	1.0000
	0.9112
	0.3220
	0.1243
	0.1243

	S
	0.0000
	0.0006
	0.0044
	0.0334
	0.0397
	0.0480
	0.1006
	0.2231
	0.3111
	0.3111
	0.3576
	0.4440
	0.5089
	0.4959
	0.9112
	1.0000
	0.4878
	0.2388
	0.2388

	M
	0.0000
	0.0000
	0.0001
	0.0013
	0.0039
	0.0104
	0.0158
	0.0338
	0.0293
	0.0293
	0.0724
	0.0681
	0.0945
	0.1831
	0.3220
	0.4878
	1.0000
	0.5324
	0.5324

	Y
	0.0000
	0.0000
	0.0001
	0.0004
	0.0014
	0.0045
	0.0066
	0.0111
	0.0080
	0.0080
	0.0261
	0.0208
	0.0279
	0.0813
	0.1243
	0.2388
	0.5324
	1.0000
	1.0000

	W
	0.0000
	0.0000
	0.0001
	0.0004
	0.0014
	0.0045
	0.0066
	0.0111
	0.0080
	0.0080
	0.0261
	0.0208
	0.0279
	0.0813
	0.1243
	0.2388
	0.5324
	1.0000
	1.0000


Table 4. p-Values obtained using Wilcoxon signed-rank test for the zero hypothesis claiming equal contributions for each pair of Baa residues. Marked cells denote pairs for which the null hypothesis cannot be rejected at confidence level of 0.05.

	 
	K
	D
	H
	V
	T
	Q
	A
	S
	E
	R
	M
	N
	I
	G
	P
	L
	F
	Y
	W

	K
	1.0000
	0.9635
	0.0280
	0.0280
	0.0176
	0.0150
	0.0028
	0.0105
	0.0007
	0.0035
	0.0003
	0.0007
	0.0004
	0.0014
	0.0003
	0.0001
	0.0000
	0.0000
	0.0000

	D
	0.9635
	1.0000
	0.0305
	0.0305
	0.0198
	0.0173
	0.0037
	0.0131
	0.0010
	0.0043
	0.0004
	0.0012
	0.0007
	0.0021
	0.0005
	0.0002
	0.0000
	0.0000
	0.0000

	H
	0.0280
	0.0305
	1.0000
	1.0000
	0.7928
	0.6739
	0.1971
	0.4671
	0.0784
	0.2499
	0.0194
	0.0326
	0.0312
	0.0646
	0.0156
	0.0045
	0.0000
	0.0000
	0.0000

	V
	0.0280
	0.0305
	1.0000
	1.0000
	0.7928
	0.6739
	0.1971
	0.4671
	0.0784
	0.2499
	0.0194
	0.0326
	0.0312
	0.0646
	0.0156
	0.0045
	0.0000
	0.0000
	0.0000

	T
	0.0176
	0.0198
	0.7928
	0.7928
	1.0000
	0.8703
	0.2987
	0.6108
	0.1340
	0.3588
	0.0337
	0.0491
	0.0509
	0.0941
	0.0245
	0.0071
	0.0000
	0.0000
	0.0000

	Q
	0.0150
	0.0173
	0.6739
	0.6739
	0.8703
	1.0000
	0.4326
	0.7411
	0.2266
	0.4742
	0.0694
	0.0884
	0.0928
	0.1514
	0.0468
	0.0158
	0.0000
	0.0000
	0.0000

	A
	0.0028
	0.0037
	0.1971
	0.1971
	0.2987
	0.4326
	1.0000
	0.7588
	0.7146
	1.0000
	0.2559
	0.2380
	0.2934
	0.3686
	0.1408
	0.0494
	0.0000
	0.0000
	0.0000

	S
	0.0105
	0.0131
	0.4671
	0.4671
	0.6108
	0.7411
	0.7588
	1.0000
	0.5011
	0.7432
	0.2140
	0.2294
	0.2429
	0.3289
	0.1361
	0.0602
	0.0000
	0.0000
	0.0000

	E
	0.0007
	0.0010
	0.0784
	0.0784
	0.1340
	0.2266
	0.7146
	0.5011
	1.0000
	0.7384
	0.4006
	0.3513
	0.4457
	0.5274
	0.2179
	0.0773
	0.0000
	0.0000
	0.0000

	R
	0.0035
	0.0043
	0.2499
	0.2499
	0.3588
	0.4742
	1.0000
	0.7432
	0.7384
	1.0000
	0.3335
	0.3360
	0.3710
	0.4719
	0.2099
	0.0934
	0.0000
	0.0000
	0.0000

	M
	0.0003
	0.0004
	0.0194
	0.0194
	0.0337
	0.0694
	0.2559
	0.2140
	0.4006
	0.3335
	1.0000
	0.8285
	1.0000
	1.0000
	0.5994
	0.2999
	0.0000
	0.0000
	0.0000

	N
	0.0007
	0.0012
	0.0326
	0.0326
	0.0491
	0.0884
	0.2380
	0.2294
	0.3513
	0.3360
	0.8285
	1.0000
	0.8716
	0.8621
	0.7755
	0.4742
	0.0003
	0.0001
	0.0000

	I
	0.0004
	0.0007
	0.0312
	0.0312
	0.0509
	0.0928
	0.2934
	0.2429
	0.4457
	0.3710
	1.0000
	0.8716
	1.0000
	0.9745
	0.6427
	0.3522
	0.0001
	0.0000
	0.0000

	G
	0.0014
	0.0021
	0.0646
	0.0646
	0.0941
	0.1514
	0.3686
	0.3289
	0.5274
	0.4719
	1.0000
	0.8621
	0.9745
	1.0000
	0.6379
	0.3781
	0.0003
	0.0001
	0.0000

	P
	0.0003
	0.0005
	0.0156
	0.0156
	0.0245
	0.0468
	0.1408
	0.1361
	0.2179
	0.2099
	0.5994
	0.7755
	0.6427
	0.6379
	1.0000
	0.6809
	0.0009
	0.0003
	0.0000

	L
	0.0001
	0.0002
	0.0045
	0.0045
	0.0071
	0.0158
	0.0494
	0.0602
	0.0773
	0.0934
	0.2999
	0.4742
	0.3522
	0.3781
	0.6809
	1.0000
	0.0025
	0.0008
	0.0000

	F
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0003
	0.0001
	0.0003
	0.0009
	0.0025
	1.0000
	0.6537
	0.0802

	Y
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0001
	0.0000
	0.0001
	0.0003
	0.0008
	0.6537
	1.0000
	0.1627

	W
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0802
	0.1627
	1.0000


Table 5. Rate constants for the acyl shift (k1) and ester hydrolysis (k2) and half-times of substrate decay and product formation for two sets of individual peptides, R1-SRHZB-R3 (Set 1) and R1-SRHZB-R4 (Set 2). ISc is Individual Peptide Score from MALDI-TOF library screening. The half-times were obtained directly from experimental curves in order to make them independent of the method of rate constant calculations (Eqs. 1-3 or Eq. 4).
	ZB
	ISc
	t1/2 [min] product 
	t1/2 [min] substrate 
	k1×10-5
[s-1]
	k2×10-5
[s-1]
	k×10-5
[s-1]

	Set 1
	R1-SRHZB-R3
	

	WW
	804
	204
	34
	15.3±0.5
	12.8±0.3
	

	WY
	780
	175
	73
	40.9±6.6
	11.8±1.2
	

	WM
	592
	148
	42
	36.9±8.7
	10.8±2.1
	

	TD
	354
	655
	339
	2.36±0.2
	1.5±0.4
	

	KS
	470
	238
	217
	
	5.1±0.6

	AH
	396
	1092
	1052
	
	1.1±0.1

	GK
	322
	345
	318
	
	3.6±0.5

	Set 2
	R1-SRHZB-R4
	

	WW
	
	161
	52
	25.7±0.5
	12.8±0.1
	

	WY
	
	116
	32
	41.1±4.2
	15.1±1
	

	WM
	
	147
	31
	29.4±1.2
	14.1±1
	

	TD
	
	247
	51
	22.1±1.9
	7.4±0.5
	

	KS
	
	139
	132
	
	8.5±0.7

	AH
	
	487
	467
	
	2.4±0.1

	GK
	
	177
	174
	
	6.5±0.3
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