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Abstract

Using electrospray ionization-ion mobility-mass spectrometry (ESI-IM-MS) a new series of
alternative metal binding-5 (ambs) heptapeptides that provide various combinations of His, Cys and Asp
as potential metal binding sites are compared for their relative formation of complexes with the metal ions
Co(II), Ni(II) and Zn(II). These ambs peptides have the general primary structure acetyl-Aa;-Aa,-Glys-
Pros-Tyrs-Aag-Aas, where Aa 67 are the four amino acids that include the His, Cys, and/or Asp
potential metal binding sites. The study includes two polyhistidine heptapeptides; the His-tag and His-tag
with Pros, because they represent the widely applied His affinity tag used in expression cloning and
purification of recombinant proteins with immobilized metal affinity chromatography (IMAC). We
compare these ambs heptapeptides for their formation of the ambs+M(II) and ambs+M(I1)+NTA
complexes, where M = Co, Ni, or Zn, and NTA is nitrilotriacetic acid as a model for the binding of
ambs in a IMAC column. Overall, the results show that the inclusion of Asp at positions 1, 2, and 7;
i.e., ac-Aspi-Asp,-Gly;-Pros-Tyrs-Aag-Asps, generally favors the formation of ambs+Ni(Il) and
ambs+Ni(II)+NTA complexes, while the inclusion of Cys at positions 2 and 6; i.e., ac-Aa;-Cys,-Glys-
Pros-Tyrs-Aag-Cys;, with Aa; = His, Cys or Asp, favors the formation of ambs+Zn(Il) complexes. The
comparison with the His-tag and competition between Ni(Il) and Zn(II) for forming the
ambs+M(I1)+NTA complexes, showed the structure ac-Asp;-Asp,-Glys-Pros-Tyrs-Hisg-Aa;, with Aa; =
Cys or Asp, were the most selective for Ni(Il) and forming the ambs+Ni(II)+NTA complex. Collision-
induced dissociation of the single negatively-charged [ambs+Ni(II)+NTA] shows it competitively
dissociates into [ambs-3H+Ni(I[)]” or [NTA-3H+Ni(II)]” while the doubly-charged
[ambs+Ni(I[)+NTA]* complex dissociates into [NTA-3H+Ni(I)]” and [ambs;-H] ", indicating these

complexes are realistic mimics for the complex inside an IMAC column.



1. Introduction

The consecutive series of 5 to 7 His residues added to either the N- or C-terminal
of a protein sequence is used in the production and purification of recombinant proteins.'”
The vector is introduced into an expression system such as a bacteria and results with the recombinant
protein being expressed with a His-tag. These proteins can now be purified because the His-tag will bind
to the nickel, cobalt or zinc ions used in immobilized metal ion affinity chromatography (IMAC). The
IMAC support resin is usually cross-linked agarose derivatized with nitrilotriacetic acid (NTA) which
acts as the chelators for immobilizing the Ni(Il), Co(Il), or Zn(II) ions inside the column. The His-tagged
proteins will bind to these metal sites and be retained inside the column while the non-tagged proteins
will wash through. Elution of the His-tagged proteins from the column is achieved with washing the
column with a high concentration of imidazole (>200 mM, pH < 5) or a pH 7 to pH 4 gradient. Nickel(II)
is most commonly used for IMAC and provides high binding efficiency to His-tagged proteins but also
tends to bind to non-target proteins that contain multi-histidines. Cobalt(Il) exhibits a higher specific
binding of the His-tagged proteins but with a lower loading capacity than nickel(Il) and is preferred when
high purity is the objective. Zinc(II) binds the His-tagged proteins with a higher loading capacity than
cobalt(Il) or nickel(Il) but with less selectivity, so zinc(Il) is used when purity is the least essential.
However, the lack of heterogeneity in the His-tag can result in problems of toxicity," stability* and
aggregation of the recombinant tagged proteins into inclusion bodies in the host cell.” Due to these
problems, discovering alternative metal binding (amb) peptides with more heterogeneity in their structure
could be beneficial for improving solubility, expression, and purification techniques of recombinant
proteins.

Previous electrospray - ion mobility - mass spectrometry (ESI-IM-MS) studies of methanobactin®
7 from Methylosinus trichosporium (mb-OB3b) and the amb peptides whose primary structure replaced
the two enethiol oxazolone of mb-OB3b with the 2His-2Cys substituent groups of a zinc finger protein,

have shown their potential for applications as affinity tags.*'* For example, the ESI-IM-MS analyses of



the amb peptides shows that their formation of metal complexes are dependent on pH which is important
for controlling the capture and release of tagged proteins in an IMAC column. A major attribute for ESI-
IM-MS analyses is that it allows for the pH-dependent behavior of specific m/z conformers to be
examined. For example, the negative ion analysis of amb;, ac-His;-Cys;-Gly;-Pros-Hiss-Cyse, from
solutions held at pH 7 showed the predominant species is the singly-charged [amb;—H]", but from
solution > pH 8, the predominant species becomes the complex in the form of the [amb,—3H+Zn]".*'*
These two species correlate to solution behavior because at pH 7 the observed [amb,;—H] ™ relates to the
deprotonation of the carboxyl terminus (pK, ~2.0) and the two His imidazoliums (pK, ~6.0), while at pH
>8, the addition of deprotonation of the two Cys (pK,~8.3) allows for the chelation of Zn(II) and the
formation of the [amb;,—3H+Zn] complex. Moreover, the traveling wave ESI-IM-MS measured collision
cross section (CCSye) of the [amb;—3H+Zn] complex is consistent with the tetrahedral coordination of
Zn(Il) via the 2Cys, His¢ and carboxyl terminus, which is also indicative of the metal complex
conformation being preserved during the ESI transfer into the gas phase.

1315 it was originally found that the ambsy, ac-

From the series of studies of the ambs peptides
His,-Cys,-Glys-Pros-Tyrs-Hise-Cys (Fig 1), also exhibited a single negatively-charged complex that co-
ordinated the Zn(II) via a distorted tetrahedral geometry which density functional theory (DFT)'" indi-
cated were either the substituent groups of His;-Cys;-Hise-Cys; or the thiolate of Cys,, backbone carbonyl
O of Cys,, thiolate of Cys; and the carboxylate terminal. These DFT structures which contained cis-Pro
had theoretical CCSyy that were 20 A* to 31 A? larger than those measured by the ESI-IM-MS analyses.
In further ESI-IM-MS and DFT studies of a series of ambs peptides with modifications to the 2Cys, 2His
and carboxyl terminus sites' (Fig 1, ambsa_¢), indicated that the imidazoles acted as proton acceptors for
the deprotonation of the thiol groups which became the anchoring sites for Zn(II) at pH 7. A new Zn(II)
trans-Pro complex was also discovered that although higher in free energy than the cis-Pro conformers,
exhibited a DFT CCSy, in good agreement with the ESI-IM-MS measured CCSy, with Zn(II) coordinated

via the substituent groups of the His,-Cys,-Cys; and the carboxylate terminus.'> "°



Further studies of the Zn(II) and Ni(Il) chelation by a similar series of modified amb; .y pep-
tides,'* and comparison with the ambs,_¢ peptides showed that the additional Tyr in the ambs structures
contributed to their greater selectivity for Zn(II) at pH 7.0. Why the ambs peptides had a preference for
chelating Zn(II) over Ni(Il) at pH 7.0 is further studied here by extending the ambs series to include
twelve new primary structures to determine whether differences in their primary structure will influence
their formation of Zn(II), Ni(Il) or Co(Il) complexes. The new ambs heptapeptides G to R, have the gen-
eral primary structure acetyl-Aa;-Aa,-Gly;-Pros-Tyrs-Aag-Aa;, where the two amino acid on each of the
terminals are the potential metal binding sites and include the side groups of His, Cys, and/or Asp resi-
dues (Fig 1). The three central amino acids are Glys a spacer, Pro4 the hinge for the N- and C-terminal
arms, and Tyrs providing a m-metal cation interaction and hydrogen bond to the C-terminus. For com-
parison with ambs, the new structures G to R replace His; with either Cys; or Asp;, Cys, with either Asp,
or His,, Tyrs with either Phes or Glys, Hisg with Cyss, and Cys; with either Asp; or His;. The study also
includes the 7xHis-tag, P, and the 6xHis-tag with Pro,, O, so a comparison can be made to the established
His-tag. Here we compare the total Zn(II), Ni(Il) or Co(II) binding of ambsa. g, measured from both posi-
tive and negative ion analyses from solutions at pH 7 and look into more detail into the negatively-
charged Ni(Il) and Zn(II) complexes formed by the new ambs G to R. The formation of the
ambs+M(I)+NTA complex, where M = Ni or Zn and NTA = nitrilotriacetic acid, which mimic the for-
mation of complexes in an IMAC column are also studied to give insight into which ambs peptides may

be potentially useful as alternatives to the His-tags for the purification of recombinant proteins.
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l Q ac-His,-His,-His;-Pro,-Hiss-Hisg-His,-OH
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Figure 1. The primary structure of alternative metal binding-5A (ambs,) with the color highlighting the
regions modified with respect to the listed primary structures of ambs peptides A to R. The structure of
ambsp is also shown, which is the 7xHis-tag.

2. Experimental section

2.1 Reagents, stock and working solutions

The alternative metal binding-5 (ambs) peptides A to R were synthesized by PepmicCo

(http://www.pepmic.com/). Stock and working solutions were prepared with deionized (DI) water >17.5

MQ cm (http://www.millipore.com). Ammonium acetate (ultrapure) was purchased from VWR

(https://us.vwr.com/). Ammonium hydroxide (trace metal grade) was purchased from Fisher Scientific

(http://www.Fishersci.com/). Zinc nitrate hexahydrate (99%+ purity) was purchased from Alfa Aesar

(www.alfa.com/), cobalt(Il) acetate (99.99%) was purchased from Sigma-Aldrich (www.sigmaal-
drich.com/), and nickel(Il) nitrate hexahydrate (99% purity) was purchased from ACROS

(https://www.acros.com/).

2.2 Sample preparation and ion mobility — mass spectrometry analysis

The ammonium acetate (10.0 mM) was pH adjusted with ammonium hydroxide to create a pH
7.4 solution. Each individual sample was prepared with one of the ambs peptides, pH adjusted with the
ammonium acetate/ammonium hydroxide (AA/H) solution, before an equimolar amount of the metal ion

was added. The final solutions for ESI-IM-MS analysis contained both the ambs and metal ion at 12.5 uM



with the AA/H at 8.0 mM. For the ambs+metal+NTA samples they were prepared in the same order, but
included the NTA after the addition of the metal ion. For these samples the final concentration of ambs
and metal was 12.5 uM each, NTA 25.0 uM and 8.0 mM buffer solution. The samples for studying the
competitive binding of Ni(II) or Zn(Il) metals were made at final concentrations of the NTA: ambs:
Ni(Il): Zn(IT) of 25 pM:12.5 uM:6.25 uM:6.25 uM respectively in AA/H solution at pH 7.4. All solutions
were mixed aerobically at room temperature and left to stand for 10 minutes. Half of the sample was used
for ESI-IM-MS analysis and the other half to measure the final pH of the sample, using a calibrated Orion
98 micro pH electrode. The final pH of the solutions were between pH 6.9-7.2. The samples were elec-
trosprayed into the Waters Synapt High-Definition Mass Spectrometer (G1)'® with ESI conditions and
traveling wave settings optimized to limit any structural rearrangement or dissociation of the ambs spe-

cies. Typical operating conditions are described in the Supporting Information.
2.3 Analysis of the metal+amb;s data

The ESI-IM-MS analysis allowed for m/z identification and drift time separation of all the species
in the ambs+metal and ambs+metal+NTA samples. The positively- and negatively-charged species were
identified based on their m/z isotope patterns with the detector kept at a minimal voltage of 1650 V to ex-
clude ripple of the baseline between arriving isotopes of the most intense species. The arrival time distri-
butions (ATDs) of ambs ions were determined by the time they spent traveling through the ion mobility
cell and measured by their m/z arrival time response at the detector of the time-of-flight mass analyzer.
The different mass-to-charge species and their ATDs were extracted using the Driftscope 2.0 software.
The areas under the ATD curves were integrated using the MassLynx 4.1 software and used to determine
the relative intensity of each species by normalizing their area to the sum of the areas of all identified
ambs species in each analyzed sample. For the bar graphs that show contributions from both negative and
positive ions, each contribution was halved to normalize back to a percentage scale. Each experiment

were repeated three to five times to calculate the mean and the standard deviations.

2.4 Computational Methods



To locate geometry optimized conformers of the ambs metal complexes, we used density func-
tional theory (DFT) and in particular the popular B3LYP functional'”'® and M062X'"*° using two basis
sets: LanL2DZ and Def2SV. All DFT calculations were done with Gaussian 09 software.”' The starting
structures for the geometry optimizations of the Zn(Il) and Ni(Il) complexes where based on our previ-

ously located B3LYP conformers,13 13

where all peptide bonds are in their trans configuration, including
the trans-Pro,, and the metal ligating sites are the side groups of the residues in the Aa;-Aa,-Aa; positions
and include the carboxylate terminus in a distorted tetrahedral coordination geometry, i.e. singlet spin
state for Zn(Il) and triplet spin for Ni(Il). The free energy difference for the reaction [ambs-3H+Zn(1)]” +
Ni(Il) «» [ambs-3H+Ni(Il)]” + Zn(Il) were calculated, with single point energies also calculated from the
geometry-optimized LanL.2DZ and Def2SV conformers using the 6-31++g(d,p) basis set for C, N, O, S
and H atoms with the (14s9p5d) primitive set of Wachters** supplemented with one s diffuse function,
two p diffuse functions, one d diffuse function and one f polarization function, are used for the metal ions
so that the final contracted basis set was [10s7p4d1f]. Note that the diffuse functions were included be-
cause of their well-known importance for correctly describing the anionic systems modelled here. This
more extended basis set, defined from now on as “mix”, was previously successfully used to study the
structure and reactivity of amino-acids binding open shell Co(II).>** The CCSy of each located B3LYP
conformer was calculated using the ion size scaled Lennard-Jones (L-J) method,” provided by the De-
partment of Chemistry and Biochemistry, UCSB, from ten measurements to determine the mean and

standard deviation of the L-J CCSy, and compare with the ESI-IM-MS measured CCSy.

3. Results and Discussion

3.1 Comparative selected metal chelation by ambs,.g at pH 7.0

To compare the relative formation of Co(Il), Ni(Il) and Zn(II) complexes by ambs A to R, Fig 2
shows the average percent of positive and negative ion complexes formed from the equimolar metal:ambs
solutions at pH 7.0. The results are the sum of the different metal complexes formed and include the ambs

species binding one or two metal ions and in some cases ambs dimers binding metals, as a percentage of



all the identified bound and free ambs species from each trial. Figure 2 also includes some previously

published results'> '* for the formation of Ni(IT) and Zn(II) complexes by A to F for comparison.
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Figure 2. Comparison of the total binding of Co(II), Ni(Il) or Zn(Il) by the ambs peptides A to R
measured from the averaged positive and negative ion analyses of the 12.5:12.5 pM mixture of
metal(Il):ambs. The results are the means from 3-5 separate trials from solutions at pH 7.0, with standard
deviations between 1 to 5% for Ni(II) and 1 to 9% for Zn(Il) and Co(II). The names of the ambs have
been abbreviated to their one letter amino acid sequence in the Aa;-Aa,-Aag-Aa; positions with the Aa;
residue underlined if amidated and the Aas residue included if it has been changed from Tyr (Y).

3.2 Comparative Co(ll) chelation by ambs.r at pH 7.0

The results in Fig 2 show the formation of Co(II) complexes were the lowest for the three metals,
with the formation of Co(Il) complexes < 22% for all the ambs. The species G, I, J, and K have the
slightly higher apparent total binding of Co(II) and their sequences contain predominantly Cys or Asp as
binding groups. The ambs G formed complexes of the dimer binding 2Co(Il), e.g., [diambsg,,+2Co(1I)]

and [diambsggint2Co(I)], where diambsg,, is the dimer held together by an intermolecular disulfide bond



(ox), and diambsgg,, has two intermolecular disulfide bonds (diox), respectively. These species were
observed in the positive and negative ion analyses as 2+ or 2— charged complexes. However, the species
of 1, J, and K, which contained 2-3 Asp, primarily bound a single Co(Il) as the 2+ or 2— charged
[ambs+Co(II)] complexes. The [ambs+Co(II)]** complex was also the primary contributor to the poly-His
peptides O, P, Q and R, indicating the binding of Co(II) was via the imidazoles for positive ions and via
the imidazolates for negative ions. The ambs species with 2His-2Cys, His-2Cys or Asp-His-2Cys sites

formed < 14% Co(Il) complexes and had the highest relative uncertainties 5-9%.
3.3 Comparative Ni(Il) chelation by ambs, g at pH 7.0

The comparative formation of Ni(Il) complexes by the ambs species A to R (Fig 2) showed that
G (85%) exhibited the highest followed by P (55%), Q (54%), and C (47%). Our previous ESI-IM-MS
amb analyses, have shown that the negatively-charged complexes are of particular interest because they
correlate to the charge states that relate to the protonation state of the Cys, His, or carboxyl termini which
are the potential metal ligand sites and they exhibit a distinct pH-dependence.®"* In Figure 3 we show the
identity and the relative percentage of these negatively charged complexes for ambs G to R. Only G
primarily formed the [ambs-6H+2Ni(11)]* complex that related to six negatively-charged sites on the
ambsg peptide. Species G, as in the Co(Il) analyses, also formed the negatively charged dimer binding
2Ni(II), [diambs,,-6H+2Ni(I)]*", where the 2Cys oxidized to form a disulfide bond. Whether the [ambs-
6H+2Ni(I1)]*” complex is an artifact of the ESI or exists in solution depends on the deprotonation of 4Cys
and other sites such as the Tyr or amide groups from the C-terminal or backbone. These sites would also
provide the binding sites for the 2Ni(Il). Three other species K, P, and Q also formed [ambs-
6H+2Ni(I1)]*” but < 16% because they primarily formed the [amb5-4H+Ni(H)]zfcomplex instead.
Nickel(II) is known to be able to anchor to a side group and bind to deprotonated amide groups in square

planar geometry as does Cu(II),* although this type of binding requires a low spin state for Ni(II).

10
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Figure 3. The comparison of the percentage of formation of negatively-charged nickel(Il) complexes of
ambs G to R measured from 3 separate measurements from solutions at pH 7.0. The error bars are the
standard deviations. The names of the ambs have been abbreviated to their one letter amino acid sequence

in the Aa;-Aay-Aag-Aa; positions with the Aa; residue underlined if amidated and the Aas residue
included if it has been changed from Tyr (Y).

The next group that exhibited significant Ni(Il) binding were L, J, K, O, and R which all formed
between 30-40% Ni(II) complexes. These negative ion complexes were mainly of the form [ambs-
4H+NI(ID)]*, with K also forming [ambs-3H+Ni(I)]” (Fig 3). The species I, J, and K have primary
structures described by ac-Asp;-Asp,-Glys-Pros-Aas-Hisg-Aa;, where Aas = Tyr or Gly and Aa; = Asp or
Cys. These [ambs-4H+Ni(I)]* complexes of I, J, and K are consistent with the chelation of Ni(Il) by the
deprotonated side groups of Asp;, Asp,, Aay, and the carboxyl terminus, which are the equivalent
positioned sites predicted by our previous ESI-IM-MS and DFT studies of A, B, and C.'"*'* The H and N
species, that are related to I but have Cys, rather than Asp,, did not form [ambs-4H+Ni(I)]*” and only
formed 5% of [ambs-3H+Ni(I)]", which indicates that at pH 7.0 the Cys, is not an effective binding site
for Ni(II) and it remains primarily protonated. For species H and N, the Cys; resides by Hise a base that
could decrease its effective pKa, while Cys; resides by an acidic group Asp; that could increase its
effective pKa. The species O and R which have the 4His in their primary structures, ac-His;-His,-Gly;-
Pro,-Aas-Hise-Hiss, formed only the [ambs-4H+Ni(I)]* complex which is indicative that imidazolates

are binding the Ni(Il) and contribute to the overall charge. As positive ions O and R formed

11



[ambs+Ni(I1)]*" consistent with imidazoles binding Ni(Il). For L. and M which contained the 2Cys-2His
motif, there was no formation of the negatively-charged Ni(II) complexes indicating their formation was
limited by the 2Cys. Therefore, the analyses of the new ambs species showed that the most effective
chelators of Ni(Il), with the exception of G, were species that contained multiple Asp (I, J, K) or His (O,

P, Q, R) side groups.
3.4 Comparative Zn(Il) chelation by ambs,.r at pH 7.0

The comparison of ambs A to R in Fig 2 showed A, B, G, H, L, M, and N exhibited the highest >
72% formation of Zn(Il) complexes. These species have a primary structure described by ac-Aa;-Cys,-
Gly;-Pros-Aas-Aags-Cys;, where Aa; = His, Cys or Asp, Aas = Tyr or Phe and Aag = His or Cys. These
sequences conserve the positions of Cys; and Cys; and stipulate that these are the principal Zn(II) binding
sites."” Species G with 4Cys exhibited 90% formation of Zn(II) complexes, the highest of all the ambs
species. The comparison of A with H shows that His; can be replaced by Asp; and still result with 73%
formation of Zn(Il) complexes. The comparison of A, B, H with L, M, N also indicates the replacement
of Tyrs with Phes results with small increases in Zn(Il) binding to 78-86%.

The comparison of the identity of the negatively-charged Zn(II) complexes formed by the new
ambs G to R species are shown in Fig 4. The doubly-charged [ambs-4H+Zn(I)]* is the main complex for
all twelve species and shows there are four deprotonated negatively charged sites, which could qualify for
the four Zn(Il) ligand sites. For G these could be the 4Cys thiolate sites and for H, I, J, K, and N the Asp
or Cys at positions Aa;-Aa,-Aa; with the carboxylate terminus. For L and M these sites could include the
2Cys thiolates, His imidazolate, and the carboxylate terminus, while for O, P, Q, and R the 3His
imidazolates and the carboxylate terminus. Species G with 4Cys formed 43% of the singly-charged
[ambs-3H+Zn(II)]", which is more than any of the other ambs species, whereas, O, P, Q, and R, which
have 4-7His, did not form the singly-charged complex but formed the doubly-charged [ambs-

4H+Zn(I1)]* complex.

12
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Figure 4. The comparison of the percentage of formation of negatively-charged zinc(II) complexes of

ambs G to R measured from 3 separate measurements from solutions at pH 7.0. The standard deviations
are used as the error bars.

The His-tag analogs of P and Q formed the next highest Zn(Il) complexes after G, H, L, M, and
N. Species I exhibited an intermediate level for forming Zn(II) complexes and contained the thiolate and
carboxylate of Cys; to coordinate the Zn(Il), but had Cys, replaced with Asp, which showed the
formation of Zn(II) complexes was lessened by the absence of the Cys, thiolate group. The remaining
species J, K, O, and R, resulted in the lowest formation of Zn(II) complexes and these did not contain

either the Cys, or Cys; sites in their primary structures, typifying the importance of the two thiolates for

chelating Zn(II).

3.5 Density functional theory modeling of ambs Ni(Il) and Zn(Il) complexes and comparison of collision

cross sections

Our previous studies'” have shown that the comparison between DFT theory and ESI-IM-MS
experiment were the most conclusive for the single negatively charged species. Here we have located the
B3LYP and M06-2X geometry-optimized conformers, using the LanL.2DZ and Def2SV basis sets, for
selected negatively charged Zn(II) and Ni(Il) complexes. The starting structures of these complexes were

based on our previously located lowest B3LYP free energy conformers for A, B, and C'>'* where the
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peptide bonds are in their trans configuration, including trans-Pro, and the metal ligating sites are the side
groups in the Aa;-Aa,-Aa; positions and the carboxylate terminus. From these conformers the L-J CCSy,
were calculated and are compared to the ESI-IM-MS measured CCSy, for the same species (Table 1).
Generally, Table 1 shows there is close agreement between the L-J and ESI-IM-MS CCSy, values, with
Def2SV giving better agreement than LanL.2DZ, with only the L-Zn(II) and K-Ni(II) complexes
exhibiting CCSy, outside of their mutual associated uncertainties. Results obtained with M062X
functional are less in agreement with respect to experimental collision cross section values and they are

listed in Table S1 of the Supporting Information. In the following we discuss B3LYP L-J CCSy, results.

Table 1. Comparison of collision cross sections (A%) from B3LYP theory and experiments.

ambs [ambs-3H+Zn(1D)]° [ambs-3H+Ni(1D)]
LanL2DZ | Def2SV Exp.’ LanL2DZ | Def2SV Exp.’

A 20243 20243 200 205+4 201+2 199

B 20543 202+2 203 204+2 20243 204

C 19242 19343 188 192+4 189+4 187

D 174+2 169+1 170 172+1 169+2 172

E 19342 189+1 194 19342 19242 191

F 18843 186+4 180 18643 184+2 187

G 18943 187+2 186 18743 187+2 -

H 197+2 18943 189 19543 18843 193

I 198+3 19342 190 197+3 193+2,199+2° | 191°

J 199+2 19142 194 198+2 189+1,194+2° | 194°

K 18843 18443 181 188+4 188+3,190+4° | 176,183°

L 21043 208+2 192 208+2 207+3 -

M 20243 20043 198 202+2 199+3 -

N 19943 196+2 190 199+2 19742 193

*The ESI-IM-MS CCSy. have error bars of £4 A% ° CCSy, for the doubly-charged [ambs-4H+Ni(I)]*
complex.

The favorable agreement of the CCSy, also suggests that the m/z of the ambs species are primarily
influenced by the protonation state of their acidic and basic sites. For example, the ambs species with the
carboxyl terminus will favorably form negative ions in solution at pH 7.0, and our previous ESI-IM-MS
studies® ' *'* have shown that the formation of Zn(II) or Ni(II) complexes are dependent on the pH of
the solution > pH 7.0, which relates to the pK,s of the His and Cys binding sites. In Figure 3 it is shown

that I, J, and K formed the [ambs-4H+Ni(II)]* complex, whereas, H and N formed only the [ambs-
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3H+Ni(Il)]” complex. The comparison of these B3LYP geometry-optimized conformers for H, I, and J
are shown in Figure 5, where they all exhibit the distorted tetrahedral coordination of Ni(Il) via the Asp;-
Aay-Aa; and carboxylate terminus. The Cys; or Asps sites are of particular importance because their side
group and carboxylate terminus concomitantly coordinates the Ni(II) ion. Therefore, the conformer of the
singly-charged complex of H (Fig 5a) is similar to the conformers of the doubly-charged complexes of I
and J (Fig 5b, c). In all three conformers it is the Asp;-Aa,-Aa; and C-terminus sites that are deprotonated
and it is whether the Hisg ON is protonated on the imidazole ring that changes the overall charge of the
complex. For the conformer of H the Hise forms a hydrogen bond to the backbone carbonyl oxygen of
Cys,, which is also present in the conformer of I when the Hisg ON is deprotonated. For J the Hisq retains
its general position by forming a w-cation interaction with Ni(Il). For all three complexes in Fig 5 the

Tyrs phenyl ring also forms a long range m-cation interaction with Ni(II).

a) [ambgy-3H+Ni(I1)]~ b) [ambg,-4H+Ni(11)]2~ c) [ambs;-4H+Ni(I1)]2~

Figure 5. The B3LYP/Def2SV geometry-optimized conformers of a) [ambsy-3H+Ni(II)] exhibiting
Asp;-Cys,-Cys; and carboxylate terminus coordination of Ni(IT), b) [ambs-4H+Ni(II)]*~ exhibiting Asp-
Asp,-Cys; and carboxylate terminus coordination of Ni(Il), and c) [ambs,-4H+Ni(I1)]* exhibiting Asp;-
Asp,-Asp; and carboxylate terminus coordination of Ni(Il). Yellow dashed lines indicate hydrogen bonds.

Considering the change in charge for Ni(Il) complexes of H to I and J (Figs 3 and 5), it is the
replacement of Cys, with Asp, that changes this charge from a singly- to doubly-charged complex. Our

earlier work of ambs,,"” indicated at pH 7.0 a proton transfer from Cys to His resulted in a salt-bridge
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between Cys and His in its tertiary structure. The results here also indicate that a proton transfer from
Cys; to Hisg is resulting in the singly-charged Ni(II) complex of H. However, species H exhibits
relatively low formation of the Ni(II) complex (5%) and it is the replacement of Cys, with Asp, that
results in the increased formation of the Ni(Il) complexes by I, J and K. Table 2 shows the comparison of
the bond lengths between the ligand sites and Ni(Il) in the H, I, J and K complexes, indicating the
tightest Ni(II) coordination is by species J and K when each ligand is the oxygen of a carboxylate site.
The bond lengths of three common hydrogen bonds; between Hisg and carbonyl oxygens (Hiss H-bond),
Gly; carbonyl and Tyrs amine (Hinge H-bond), and Tyrs hydroxyl and the carboxylate terminus (Tyrs H-
bond) are also shown.

Table 2. Coordination bond lengths and hydrogen bond lengths (A) for the B3LYP/Def2SV conformers
of selected ambs Ni(Il) complexes.

Bonds [ambsy-3HANI(ID]™ | [ambs-4H+Ni(ID]>" | [ambs;-4H+NI(ID]*" | [ambsg-4H+Ni(ID)]*
Aa,-Ni(Il) 1.942 2.013 1.942 1.918
Aa,~Ni(Il) 2.387 1.993 2.006 1.999
Aa—Ni(Il) 2.351 2273 1.913 1.994

C-term—Ni(II) 1.978 1.958 1.942 1.937
His, H-bond 1.918 2.030 - 1.420
Hinge H-bond 2.139 2.046 2.017 1.947
Tyrs H-bond 1.660 1.659 1.657 -

Using the B3LYP functional for computing the free energy differences for the reaction [ambs-
3H+Zn(II)] + Ni(Il) <> [ambs-3H+Ni(II)] + Zn(II) (Table S2) both the LanL.2DZ and Def2SV basis sets
predicted that the Ni(Il) complexes were more favorable in free energy than the Zn(II) complexes. The
basis set effect for the differences in free energies were large (see Table S2) and to improve the correla-
tion, a hybrid basis set”” abbreviated as “mix” was used to calculate single point energies for the
LanL2DZ and Def2SV optimized structures, shown in Table 3.>>** However, again the B3LYP method
predicts that Ni(Il) complexes are more favorable in free energy than the Zn(II) complexes in contradic-
tion to the general ESI-IM-MS results. The comparison of the LanL.2DZ//mix and Def2SV//mix results
shows that only E, J, K, L, and N are within 2.5 kJ/mol of one another. For J and K, which have 3Asp in

their structure, there is qualitative agreement with experiment that these two species are more favorably
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chelated by Ni(II) over Zn(II) (Figs 2, 3, and 4). However, the ESI-IM-MS results show L and N, like all
the species with 2Cys in their primary structure, exhibit a preference for Zn(Il) complex formation (Figs
2, 4) and do not agree with the free energies predicted by the B3LYP with the LanL2DZ//mix and
Def2SV//mix basis sets (Table 3). To further investigate the DFT prediction of the free energies differ-
ences for the reaction [ambs-3H+Zn(II)] + Ni(Il) <> [ambs-3H+Ni(I1l)] + Zn(II), the M062X functional
was used with the Def2SV//mix basis set, resulting in a better correlation with the ESI-IM-MS results
concerning energetics. In fact, the M062X method predicts that the species with 2Cys prefer Zn(II) over
Ni(II) and the species E and F, where the 2Cys substituent groups are removed, show preference for
Ni(II) complexation. For all the other species, M062X calculations suggest that Zn(II) complexes are
more stable, even if the difference is relatively small for I and K species (2.0 and 11.2 kJ/mol, respec-
tively), where the Cys are replaced with Asp. We should note that all the calculations are done in the gas
phase, to mimic ESI-IM-MS conditions, but the abundance observed experimentally can be due to the lig-
uid phase which precedes the electrospray. Overall, M062X results support the picture by which Ni(II)
chelation is enhanced by removing (or replacing) Cys residues, otherwise Zn(II) species are more favora-
ble.

Table 3. Free energy difference (kJ/mol) for the reaction [ambs-3H+Zn(II)]” + Ni(Il) <> [ambs-
3H+Ni(ID)]™ + Zn(ID).

B3LYP M062X
ambs | LanL2DZ//mix Def2SV//mix Def2SV//mix

A -28.34 -15.16 43.4
B -31.19 -17.32 41.7
C -28.62 -20.93 15.4
D 0.82 -12.93 27.4
E -30.88 -31.21 -3.8

F -19.77 -16.47 -31.9
G -25.34 -23.55 17.6
H -31.42 -23.99 17.9
I -27.37 -21.42 2.0

J -27.37 -25.73 19.8°
K -19.10 -20.96 11.2
L -21.04 -23.17 17.4
M -26.31 -12.54 33.6°
N -29.40 -27.22 68.6"

*Thermal correction for Ni(Il) complex at M062X/LanL2DZ level of theory. ” Optimization and thermal
correction for Ni(II) complex at M062X/LanL.2DZ level of theory.
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3.6 Formation of ambs+metal(ll)+NTA complexes at pH 7.0

Thirteen of the ambs species that showed the highest formation of Ni(Il) or Zn(II) complexes
were chosen to investigate further their formation of the ambs+metal(II)+NTA complex, where NTA=
nitrilotriacetic acid, which mimics the complex inside an IMAC column. Figure 6a shows the percent
formation of C, G, H, L, J, and N for the ambs+Ni(II)*NTA complexes were significantly higher than
their formation of the equivalent Zn(II) or Co(Il) complexes. Of this group, I and J showed the highest
formation of the ambs+Ni(II)+NTA complexes, which coincided with their primary structures having
Aspi, Asp; and Cyss/Asp;. Comparing with K, which exhibited a significantly lower formation and selec-
tivity of the Ni(II) complex than J, indicated that Tyrs, with the m-cation interaction or hydrogen bonding
(Fig 5¢), increased the formation of the J complex. Species H and N which contained Asp; and only dif-

fered by the replacement of Tyrs with Phes, exhibited a similar selectivity and formation of the Ni(Il)

complexes.
p 10 -
14 | g amb,+ Ni(ll) + NTA . a) mmm amb_+Ni(l1)+NTA b)
5 12 | I amb; + Zn(ll) + NTA 8 | H amb;+Zn(I)+NTA
= == amb, + Co(ll) + NTA A HCHC N DCFHC
€ 10 . H DCHC O HHHH
e 6 1 1DDHC P H-tag
3 81 J DDHD
(=%
e 4 A
[e]
(@)
® 5 4

ACGHI JKLNOPAQR A H | J N 0] P
amb, species amb, species

Figure 6. a) Percent formation of the ambs+Ni(I[)+NTA (blue), ambs+Zn(II)+NTA (brown), and
ambs+Co(I)+NTA (yellow) complexes observed from the averaged negative and positive ion analyses of
the 12.5:12.5:25.0 uM mixture of ambs:metal(I):NTA at pH 7.0. b) The competition of selected ambs
peptides for forming the ambs+Ni(I[)*NTA or ambs+Zn(II)*NTA complexes from12.5:6.25:6.25:25.0
pM mixture of ambs:Ni(Il):Zn(II):NTA at pH 7.0. The name of the ambs have been abbreviated to their
Aaj-Aa,-Aag-Aa; positions and the Aas residue included if it has been changed from Tyr (Y).

The His-tag P exhibited the highest formation of all three metal complexes, followed by Q and O.

The interaction between the Ni(Il) and NTA is usually depicted via the four sites of the tertiary amine and
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three carboxylate groups, leaving two sites for the His-tag to complete an octahedral coordination.” How-
ever, the His-tag and the ambs peptides have more than two sites that can coordinate the Ni(II) and these

could displace one or more of the NTA binding sites during the formation of the complex.

3.7 Competition of ambs for forming Ni(ll) or Zn(1l) complexes

The four ambs species H, I, J, and N which exhibited the highest selectivity for forming
ambs+Ni(II)+NTA were chosen with species A and O, as examples of the 2His-2Cys and 4His binding
motifs, with the His-tag P to study how they compared for forming complexes of ambs+M(II)+NTA from
solutions that contained Zn(II), Ni(II) and NTA at pH 7.0. The relative formation of the Ni(Il) complexes
are higher than those of the Zn(II) complexes for all ambs species (Fig 6b), apart from O which is
inconclusive due to its large error bar. The species A, H, and N all showed about the same percent
formation of either complex with I, J, and P exhibiting the highest formation of the Ni(II) complex. The
results show the percent formation of ambs+Ni(II)+NTA by ambs I and J are the closest to the His-tag P
but they also show a distinct selectivity for forming Ni(Il) over Zn(I) complexes. This Ni(Il) selectivity
of I and J should be beneficial for recombinant protein purification because Zn(II) is widely distributed in
the bacterial host cells and the tag remaining metal free during expression is necessary for the Ni-NTA-

based IMAC purification.
3.8 The collision-induced dissociation of the [ambs+Ni(ll)+NTA]™ complexes

The ambs;+Ni(II)+NTA complexes of J were observed with the charges of 2+, 1- and 2- and to
investigate how relevant their structures were to the complex formed in an IMAC column, collision-
induced dissociation of these complexes were conducted. The 2+ complex primarily dissociated into the
[ambs+Ni(I1)]*" complex by the loss of neutral NTA. The 1— complex [ambs;+Ni(I[)+NTA] dissociated
into the [ambs;-3H+Ni(Il)] or [NTA-3H+Ni(II)]” complexes (Fig 7a), where by relating their relative
abundances to the branching ratio for these competing reactions indicates [ambs;-3H]*~ has the higher

Ni(II) formation constant than [NTA-3H]*". However, the 2— complex [ambs ANI(ID)+NTA]* primarily
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dissociated into [NTA-3H+Ni(Il)]” and [ambs;-H] (Fig 7b) with only trace amounts of [ambs-
3H+Ni(Il)]” and [NTA-H], indicating the Coulomb repulsion of the two negative charges of the complex
influenced the branching ratio. These dissociation patterns could be useful for comparing the relative
stability of the different ambs A to R for forming these complexes, and these studies are underway and
will be presented in a future paper. Overall the dissociation of the [ambs;+Ni(II)*NTA] complexes

shows they are realistic mimics for the complex inside an IMAC column.

) . 1105.23
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Figure 7. a) The collision-induced dissociation of [ambs;+Ni(I[)+NTA]™ using a transfer collision
energy of 34 V produced the products of [ambs;-3H+Ni(Il)]” and [NTA-3H+Ni(II)]” b) The collision-
induced dissociation of [ambs;+Ni(I)+NTA]* using a transfer collision energy of 11 V produced the
products of [NTA-3H+Ni(Il)]", [ambs;-H] ", [NTA-H]™ and [ambs;-3H+Ni(11)] .

4. Conclusions

Here we have shown the results of our ESI-IM-MS and DFT study for comparing a series of ambs
heptapeptides, with the general structure acetyl-Aa;-Aa,-Glys-Pros-Tyrs-Aag-Aay, for forming complexes
of ambs+M(II) and ambs+M(II)+NTA, where M = Co, Zn, and Ni. The results showed the ambs with 2
Cys in their primary structure (acetyl-Aa;-Cys,-Gly;-Pros-Tyrs-Aag-Cys;) exhibited a preference for

forming Zn(II) complexes, while those with 2 or 3 Asp in the structure (acetyl-Asp;-Asp,-Gly;-Proy-
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Tyrs-Hisg-Aa;, where Aa; = Cys or Asp) exhibited a preference for forming Ni(Il) complexes. These lat-
ter ambs species also showed the highest selectivity for forming the ambs+Ni(I[)+NTA complexes which
suggests that they may be suitable as alternative tags for recombinant protein purification using the IMAC
technique. Future work will compare the stability of these ambs+M(II)+NTA complexes by comparing
the energy-resolved CID dissociation of the complex and formation of products. Experiments are also un-
derway for testing whether the new ambs tags can be used in the expression and purification of S-lac-
tamase and whether our ESI-IM-MS techniques can be used to study the influence of the His- or ambs-tag

on the thermal stability and activity of the f-lactamase protein.
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