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Abstract

Protein binding in immobilized metal affinity chromatography (IMAC) was studied using a set of Saccharomyces
cerevisiae is0-1-cytochrome ¢ variants which differed only in their histidine content and placement. Elution with an
imidazole gradient enabled separation of cytochrome c¢ variants based on their histidine multiplicity. Millimolar
concentrations of imidazole dramatically decreased protein partitioning to the IMAC support as measured by the
chromatographic capacity factors under isocratic conditions. Fitting the partitioning data to the ‘‘stoichiometric displace-
ment”’ model indicates that cytochrome c¢ variants containing from one to four surface histidines each displaced
approximately three equivalents of imidazole upon adsorption. Therefore even a protein with a single surface histidine
appears to coordinate to multiple copper sites on the IMAC support at neutral pH. The effect of pH on the capacity factors of
these variants measured in the absence of imidazole further supports this interpretation. Although the presence of a surface
histidine was required for retention at neutral pH, a variant with no surface histidines still partitioned strongly to the IMAC
support at higher pH (pH>7.5). These results indicate the contribution of additional protein—metal-coordinating groups,
presumably surface amines, to chromatographic retention in IMAC.

Keywords: Immobilized metal-affinity chromatography; Histidine—metal interactions; Protein—metal interactions; Retention
mechanisms; Cytochrome c; Imidazole; Histidine; Proteins

1. Introduction proteins with specificities approaching those of bio-
logical affinity chromatography, but also provide the
durability, low operating expense, and versatility of
traditional chromatographic techniques. Binding
selectivity in IMAC is derived from the multiplicity
and local environment of metal-coordinating residues
[2], and as such can be tailored through the choice of

metal ion, solvent conditions, or by modification of

Immobilized metal affinity chromatography
(IMAC) [1] has the potential to satisfy the need for
novel separation processes which can recognize
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the target protein [3]. Two important advantages of
IMAC over other chromatographic techniques [4] are
the ability to perform the separation at high salt
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concentrations and the relatively high binding con-
stant of individual metal-ligand interactions, en-
abling separation of proteins differing by a single
amino acid [5]. Thus IMAC is effective for isolating
proteins from crude mixtures [6] as well as for
selective separations of closely related proteins [7,8].

We have previously probed the role of surface
histidines in IMAC by measuring the equilibrium
adsorption of a set of yeast cytochrome c¢ variants
differing only in surface histidine content [9,10].
Adding as few as three accessible histidines to the
protein surface increased the binding affinity to the
IMAC support by as much as a factor of 1000, the
result of simultaneous coordination to more than one
surface copper site. A simple model, which assumed
that the copper sites were densely packed and that
multiple sites could be blocked by protein adsorp-
tion, yielded binding constants for single-histidine
proteins comparable to those for free imidazole and
N-acetylhistidine. This interpretation allowed us to
unify in one self-consistent framework our under-
standing of interactions between metal complexes
and small histidine analogs in solution [11], results
of solution studies of protein—metal interactions
[12,13], and the protein adsorption data.

In ion-exchange chromatography (IEC), the effect
of salt concentration on multivalent interactions
between protein surface charged groups and com-
plementary charged groups on the chromatographic
support is generally described by °‘stoichiometric
displacement’” models for protein retention [14,15].
In this investigation we show the effect of imidazole
concentration on chromatographic retention for the
set of yeast cytochrome c¢ variants differing in
surface histidine content [9], and fit these data to a
“‘stoichiometric displacement’ model applicable to
IMAC [16]. If, as predicted by our simple model,
protein adsorption in IMAC is due to simultaneous
coordination to more than one surface copper site,
then the effect of changing protein surface histidines
on protein retention in IMAC should be analogous to
the effect of changing protein surface charged groups
on protein retention in IEC [17]. These results
demonstrate that even a protein with a single surface
histidine displaces multiple equivalents of imidazole
upon adsorption and therefore interacts with multiple
immobilized metal ions. Such behavior cannot be
explained by metal binding to surface histidines

alone and must involve the coordination of additional
protein functional groups. The pH behavior of these
variants in IMAC suggests that the additional groups
are most likely surface amino groups (amino ter-
minus and/or some subset of the ca. fifteen surface
lysines), which previously have been directly impli-
cated in the binding of proteins and small peptides to
IMAC supports under basic conditions [18-20].

2. Experimental

Variants of Saccharomyces cerevisiae iso-1-cyto-
chrome ¢ containing different distributions of his-
tidine residues were expressed in yeast and purified
as described previously [9,21]. Expression in a yeast
strain lacking cytochrome ¢ guarantees that each
variant is biologically functional, which in tum
ensures that a conformation very similar to the native
one has been maintained. The structural integrity of
each mutant was confirmed by UV-Vis spectros-
copy, and the histidine content was confirmed by 'H
NMR spectroscopy. In contrast to other eukaryotic
cytochromes ¢, the amino terminus of native S.
cerevisiae iso-1-cytochrome ¢ is not blocked by an
a-N-acetyl group [22]. In each of the engineered
cytochrome ¢ variants, the lone cysteine at position
102 was replaced by a serine to prevent oxidative
dimerization at the surface sulfhydryl group [23].
Additional surface amino acids were replaced to alter
surface histidine content as described previously, and
the variants will be referred to by the histidines
present on the surface [9].

2.1. IMAC experiments

A TSK Chelate-G6000XL (10-um macroporous
beads) HPLC column (7.5 ¢cmX7.5 mm 1D.) from
Tosohaas (08645) was used for all experiments.
Experiments were performed at a flow-rate of 1
ml/min using a Hitachi Model L6200A high-pres-
sure pump/low-pressure gradient former. The eluent
was monitored by UV-Vis absorbance using a
Kratos Spectraflow 783 variable-wavelength detec-
tor. The column was regenerated by first washing
with 15 ml of 50 mM ethylenediaminetetraacetic
acid (EDTA), pH 8.0, and then reloading with 15 ml
of 50 mM CuSO, in water. The packed column
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volume (v) is 3.31 ml and the void volume (V) is 2.3
ml [21]. Alterations in the flow-rate had no effect on
measured retention volumes (the kinetics of the
imidazole—Cu”" ~IDA interaction are very fast) and,
therefore, local equilibrium conditions were assumed
throughout. In addition, peaks were generally
symmetrical, allowing us to approximate the center
of mass by the maximum absorbance. In all cases,
experiments were performed under analytical con-
ditions, with less than 1% of the column capacity
utilized for each injection.

To quantify saturation copper loading, the regener-
ated column was washed with 15 ml of 50 mM
EDTA pH 8.0. The eluent was pooled and the
concentration of CUEDTA determined by absorbance
at 800 nm (g, =73.6 cm 'M '). The copper
loading was found to be 81 umol of copper (24.5
pmol per ml of column), in agreement with values
previously determined [21].

2.2. Imidazole gradient elution experiments

The regenerated TSK chelate column was equili-
brated with 10 ml of 50 mM sodium phosphate, 0.5
M NaCl, 10 mM imidazole at pH 7.0 followed by 10
ml of the same buffer containing 1 mM imidazole.
After injecting protein (20 wl of a 30 uM cyto-
chrome ¢ solution in buffer containing 1 mM imida-
zole), the column was washed with buffer containing
1 mM imidazole for 6 min. The protein was then
eluted in a linear gradient from 1| mM to 10 mM
imidazole in 54 min and the eluent monitored by
absorbance at 410 nm. The concentration of imida-
zole exiting the column was calculated from the
elution volume of the peak absorbance maximum.

2.3. Isocratic elution experiments

For isocratic elution of cytochrome ¢ variants in
the presence of imidazole, the column was equili-
brated (following regeneration) with 10 ml of 50 mM
sodium phosphate, 0.5 M NaCl, pH 7.0 and 10 mM
imidazole. Because imidazole binds strongly to the
IMAC column (equilibrium dissociation constant of
imidazole for immobilized CulDA is approximately
0.2 mM [9]), equilibrating the column with imida-
zole-containing buffer should be considered a frontal
elution experiment. Assuming local equilibrium con-

ditions throughout the column [24], at low imidazole
concentrations the elution front travels through the
column at approximately the same rate as a pulse of
imidazole (see Fig. 2 of Ref. [24]). Therefore at low
imidazole concentrations (<1 mM) the column was
equilibrated with 200 ml of elution buffer, twice the
volume required to elute a pulse of N-acetylhistidine
(see below). At high imidazole concentrations (>1
mM), it was sufficient to wash the column with
excess imidazole (30 ml of elution buffer). After
equilibration, 25 ul of 3 wM cytochrome c dissolved
in elution buffer was injected and the eluent moni-
tored by absorbance at 410 nm. The elution time
reported is that of the peak absorbance maximum.

For isocratic elution of cytochrome ¢ variants and
N-acetylhistidine (Ac-His) at varying pH in the
absence of imidazole, the column was equilibrated
(following regeneration) with 30 ml of the following
buffer: 50 mM sodium acetate, 50 mM sodium
phosphate, 50 mM boric acid, 0.5 M NaCl with pH
adjusted in the range 6.0-9.0. For experiments with
Ac-His, 100 ul of 1 mM Ac-His dissolved in elution
buffer was injected and the eluent monitored by
absorbance at 235 nm. For experiments with cyto-
chrome c variants, 25 ul of 3 uM cytochrome c
dissolved in elution buffer was injected and the
eluent monitored by absorbance at 410 nm. The
elution time reported is that of the peak absorbance
maximum.

2.4. NMR experiments

Samples were prepared using a modified version
of the method of Pielak et al. [25]. Purified cyto-
chrome ¢ was diluted 20-fold into buffer (0.1 M
sodium phosphate, 0.1 M NaCl, pH 4.0) and then
concentrated to approximately 0.5 mM using an
Amicon 8050 stirred ultrafiltration cell with a PM3
membrane. Samples were then lyophilized, resus-
pended in “H,O and exchanged overnight at 37°C.
Exchanged samples were lyophilized again and
finally resuspended to a concentration of 0.5 mM in
99.9% percent 2HZO under nitrogen. The volume of
each sample was 400 wl, and the final pH was
adjusted to approximately 4.5 (actual reading) using
0.1 M sodium phosphate, 0.1 M NaCl, pH 3.0, in
’H,0.

NMR data were collected at 37°C using AM
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500-MHz and AMX 500-MHz Bruker spectrometers.
Although previous studies have been performed at
25°C [26-28], it was necessary to perform these
experiments at 37°C to fully resolve the C, proton
resonances for each of the histidines. Titration curves
were prepared by taking NMR spectra at intervals of
approximately 0.3 pH units from pH 4.5 to 8.0. The
pH was adjusted by the addition of 0.1 M sodium
phosphate, 0.1 M NaCl, pH 12 in 2H20. All samples
contained approximately 100 mM of TSP (Na-3-
trimethylsilylpropionate [2,2,3,3-d,]), and chemical
shifts are reported in ppm against this standard.
Titration data were analyzed by the method of
Markley [29].

3. Results and discussion
3.1. Imidazole gradient elution
Imidazole gradient elution is perhaps the most

versatile of IMAC separation techniques. As shown
in Fig. 1, elution with an imidazole gradient from the
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Fig. 1. Imidazole gradient elution in IMAC. Selected S. cerevisiae
iso-1-cytochrome ¢ variants were eluted from a TSK-IDACu
column by a linear gradient in imidazole from 1 to 10 mM.
Zero-histidine (H(—)) and single-histidine variants (H,, H,, Hy)
were not retained in the 1 mM loading buffer. Multiple-histidine
variants (left to right: H,H,,, HH,, HH,, HH,H,,,
H,(H;,H,,, HH,H;,, HH,(H,,H ;) are eluted in groups ac-
cording to the histidine multiplicity and in accordance with the
binding affinities determined from their equilibrium binding
isotherms. (@) Imidazole concentration at maximum absorbance
of protein elution peak.

TSK-IDACu column can separate closely related
cytochrome ¢ variants differing only in the number
and/or placement of surface histidines. The order of
elution follows that of increasing binding affinity
previously measured in equilibrium adsorption ex-
periments [9,10]. Here, the imidazole gradient was
started at | mM, which is sufficient to elute zero- and
single-histidine variants (equilibrium binding con-
stant of Temkin model K;<<1X10° M ") in the void
volume. In the gradient from 1 to 10 mM imidazole,
the remaining variants, containing from two to four
surface histidines (Temkin model binding constant
KT=105—108 M™"), separate into groups according
to their histidine multiplicity. Similar results have
been observed in other protein systems [3,7].

3.2. Effect of imidazole concentration in IMAC

It is clear from the gradient elution results that
imidazole (which binds to the TSK-IDACu support
with K~10* M~ [9]) functions as a very effective
competitor for proteins, although the proteins have
equilibrium binding affinities orders of magnitude
stronger. To further evaluate this competition, we
measured the chromatographic retention on the TSK-
IDACu column of five S. cerevisiae iso-1-cyto-
chrome ¢ variants, ranging from zero (H(—)) to four
(HgH, H,,H,,) surface histidines at pH 7.0 for
imidazole concentrations ranging from 0 to 7 mM
(isocratic elution).

Protein retention in chromatography is usually
measured by the capacity factor (k’, ml eluent/ml
column) which describes the partitioning of the
protein between the mobile phase (aqueous solution)
and the stationary phase (column material, in this
case TSK-IDACu). The capacity factor is calculated
from the volume of eluent required for the protein to
travel the length of the chromatography column
under isocratic conditions:

Vi =V
k,= R o

v

(D

where V;, is mean retention volume of the protein (ml
eluent), V is the column void volume (ml eluent),
and v is the total column volume (ml TSK). As
shown in Fig. 2, the variants containing surface
histidines partition strongly to the column, as evi-
denced by their large capacity factors (k'>>1).
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Fig. 2. Effect of imidazole on isocratic zonal elution of cyto-
chrome ¢ variants. The chromatographic capacity factor for TSK-
IDACu is measured at pH 7.0 in the presence of imidazole for S.
cerevisige iso-l-cytochrome ¢ histidine variants (@) H,, (W)
H.H,,, (&) HH, H.,, (O) HH, H, H,,. Partitioning of the
variant with no surface histidines (H(-)) is negligible (k'<<1)
under these conditions. Solid line shows best fit through data
calculated using parameters of Table 1.

Furthermore, the partitioning of these proteins is
strongly dependent on the concentration of imidazole
in the running buffer.

The effect of imidazole on protein partitioning can
be interpreted using a modified ‘‘stoichiometric
displacement’” model [14,16]. As illustrated in Fig.
3, this model considers a protein to displace z
equivalents of imidazole upon adsorption to the
TSK-IDACu. Each imidazole binds to vacant im-
mobilized copper sites with an equilibrium binding
constant K, (K,~10* M '). Therefore the fraction of
copper sites occupied by imidazole at equilibrium
(8.) is:

6= N,IN,= K6, @)

where N, (mol/ml TSK) is the surface concentration
of immobilized copper sites occupied by imidazole at
equilibrium, », is the total surface concentration of
immobilized copper sites (mol/ml TSK), ¢, is the
solution concentration of imidazole (M), and 6, is
the fraction of copper sites that are vacant. In the
absence of protein, this expression results in the
Langmuir isotherm for imidazole adsorption [9].
Although we have previously shown that the im-
mobilized copper can weakly coordinate a second

imidazole (K~10 M ") [9], this effect is negligible at
the concentrations used in these experiments (c;<<10
mM).

A mass action expression [30] for protein attach-
ment to z vacant immobilized copper sites with an
overall equilibrium binding constant K, (M Y re-
sults in:

8, = (z+ ON, /N, = K,c,[6,]' 3)

where N, is the surface concentration of bound
protein molecules (mol/ml TSK), ¢, is the protein
solution concentration (M), and 6, is the fraction of
immobilized copper sites occupied by protein. We
have included a steric factor (o) to indicate some
number of surface sites blocked from additional
protein binding [9,16], but its value is not of
consequence to this investigation.

It should be noted that experimental evidence
shows protein binding to chromatographic materials
to be inherently heterogeneous [10,31-33]. There-
fore a range of binding affinities and/or stoich-
iometries should be considered in Eq. 3. However,
protein loading in the current experiments is orders
of magnitude below our estimates of monolayer
coverage (6, << 1). We have demonstrated elsewhere
on statistical thermodynamic grounds [34] that under
these conditions the parameters K, and z of Eq. 3
refer only to the subset of surface sites that are
occupied at very low protein loading.

At this point we should consider the thermo-
dynamic implications of the mass action expression
of Eq. 3. First, we have included adsorbed species in
the mass action expression in terms of the fractional
coverage () and not in terms of the surface con-
centration. This necessary departure from previous
mass action derivations [14,15] results from the fact
that the activity of adsorbed species (and vacant
sites) is related to the mole fraction of total surface
sites. Therefore the equilibrium binding constant
(K,) has consistent units (M 'y regardless of the
value of the parameter z. Second, we have implicitly
assumed a protein solution standard state corre-
sponding to unit activity at 1 M. Because the mass
action expression 1s of first order in protein solution
concentration, this has the effect of scaling all
equilibrium binding constants by a constant factor
(presuming that similar proteins have the same
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standard state concentration). Therefore relative pro-
tein binding energies could be calculated directly
from the ratio of the equilibrium binding constants.

The fraction of vacant surface sites is related to
the imidazole and protein occupancy by:

6,=1-6-8, (4)

Assuming that protein adsorption is in local equilib-
rium [24], the chromatographic capacity factor at
low loading is given by the initial slope of the
equilibrium adsorption isotherm (N, (c,)),

oo KNGt o)

:dTpCPEO_ (1 +K,'Ci)z (5)

This expression can be linearized by taking the
logarithm of both sides:

In(k") = ln(k:,) —zIn(1+Kc,) (6)

where k', (ml/ml TSK) is the capacity factor
observed in the absence of imidazole,

ko =K,N /(@ + o) (7

and corresponds to the vertical intercept (¢;=0) of a
plot of log (k') vs. log (1+K.c,).

Table 1 summarizes the parameters of best fit for
regression of the cytochrome ¢ chromatographic
retention data to Eq. 5. As anticipated from Eq. 5,
there is good correspondence between the chromato-
graphic capacity factors extrapolated to zero imida-

Table 1

zole concentration (k) and the initial slope of the
binding isotherm previously calculated from equilib-
rium adsorption experiments [9,10]. Surprisingly,
however, all four cytochrome ¢ variants in this series
appear to displace the same number of imidazoles
upon adsorption (z=3.0%x0.1), regardless of the
number of surface histidines.

To displace multiple imidazoles, the protein must
be contributing multiple coordination ligands. Addi-
tional surface groups must therefore be coordinating
to immobilized copper ions, particularly in the case
of the single-histidine variant (Hg). The additional
groups are most likely primary amines (e.g., lysine
and amino-terminus), which have been demonstrated
to play a role in the adsorption of small peptides to
IMAC supports at alkaline pH [18-20]. The equilib-
rium binding constant of a deprotonated amine for
Cu’" is comparable to that of imidazole (e.g., 10>*
M~ for glycine methyl ester versus 10** M~ for
N-acetylhistidine) [35]. These groups generally had
been presumed to be of little importance in IMAC;
however, because of their relatively high pK (>7.5
for amine groups [36] versus 5.5-6.5 for histidines;
see below).

3.3. Effect of pH in IMAC

Because primary amino groups usually have much
higher pK values than surface histidines, we can
expect to evaluate their role by taking a closer look

‘*Stoichiometric displacement”” model and equilibrium adsorption parameters

Variant k! z Initial slope
(ml/ml TSK) (ml/ml TSK)
H(-) <1 N.D. <1
Horse 2.5=0.1-10 3.03+0.11 32x1.2:-10'
H, 5.9=0.1-10' 3.06+0.54 8.5+2.1-10'
H,H,, 6.0+1.4-10° 295+0.22 1.6+0.4-10°
H,H,H,, 7.6+3.7:10° 3.01£0.17 2.5+0.8-10°
H,H, H, . H,, 1.820.7:10° 3.08+0.13 N.D.

Stoichiometric displacement parameters (k. and z) determined by nonlinear regression of Eq. 5 to isocratic partitioning data for five S.
cerevisiae iso-1-cytochrome c¢ variants and horse heart cytochrome c¢. For comparison, the initial slope of the equilibrium adsorption
isotherms (measured in the absence of imidazole [9,10]) are presented to show relationship between equilibrium adsorption and

chromatographic partitioning behavior.
N.D.=not determined.
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Fig. 4. Effect of pH on isocratic zonal elution of N-acetylhistidine
(Ac-His). The chromatographic capacity factor (O) of Ac-His for
TSK-IDACu is measured at different pH in the absence of
imidazole (error bars represent peak width at half-maximum
absorbance). Solid line represents best fit of N-acetylhistidine data
to single protonation equilibrium (Eq. 5 with z=1, K; =10,
¢,=[H"], k/=40 m] eluent/ml TSK) using reported imidazole pK
of 6.96 [35]. Inset presents data in a form analogous to Fig. 2.

at the effect of pH upon protein partitioning in
IMAC. Chromatographic capacity factors of a simple
single-histidine analog (N-acetylhistidine, or Ac-His)
and two S. cerevisiae iso-1-cytochrome ¢ variants,
one with a single surface histidine (H,) and one with
none (H(—)), were measured on the TSK-IDACu

column. These experiments were performed under
isocratic conditions, in the absence of imidazole over
the pH range 5.0 to 9.0. As shown in Fig. 4, the
observed Ac-His capacity factors (k') increase from
pH 5 to 7, reflecting deprotonation of the imidazole
nitrogen, but reach a plateau at pH 7.5 as the lone
imidazole group becomes completely deprotonated.
In fact, the pH dependence of the Ac-His in IMAC
can be described completely by the protonation of
the lone imidazole with the reported pK of 6.96 [35],
also shown in Fig. 4.

It is therefore necessary to know the pK of the
individual surface histidines in order to evaluate the
effect of pH on chromatographic protein retention.
These values, reported in Table 2, were determined
by monitoring the effect of pH on the 'H NMR
chemical shift of the imidazole ring protons [29] for
all the histidine-containing cytochrome ¢ variants
shown in Fig. 1. It should be noted that the pK
values for histidines 33 and 39 reported here (6.37
and 6.54, respectively) are approximately 0.3 pH
units lower than those reported in the literature for
native S. cerevisiae iso-1-cytochrome ¢ at 25°C [26-
28], consistent with the different NMR acquisition
temperature (37°C) [21]). As the chromatographic
experiments were also performed at 25°C, the pK
values listed in Table 2 are likely to be approximate-
ly 0.3 pH units lower than the pK value in the
chromatographic experiments.

Table 2
Surface histidine pK values for S. cerevisiae iso-1-cytochrome ¢ variants measured by 'H NMR at 37°C
Variant His 33 His 39 His 4 His 8

pK pK pK n pK n
H, - - 5.82 0.59 - -
H, - - - - 5.30 0.62
H,H,, - - 5.86 0.66 - -
H.H,, - - - 5.32 0.57
H, H,, 6.48 - - - - -
H,H, H,, 6.52 - 5.85 0.57 - -
HH, H., 6.50 - - - 5.44 0.68
HyHyiHy 6.37 6.54 - - - _
H H, Ho H, 6.44 6.53 - - 5.48 0.72

Variants are labeled by the histidines present on the surface [9]. Histidine at position 26 was verified by the non-titrating proton resonance at
7.71 ppm. Due to its involvement in hydrogen bonding, histidine 26 does not titrate in the pH range studied (in fact, the pX of histidine 26
has been reported to be less than 3.0 [26]). Histidines 4 and 8 exhibited non-standard pH titrations, and are described by a Hill coefficient

less than 1 [29].
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If adsorption of a single-histidine protein is due
solely to metal coordination of the single surface
histidine, then the pH profile of the Hg variant
should resemble that of Ac-His, only shifted, due to
the lower pK of the surface histidine compared to
Ac-His. As shown in Fig. 5, under acidic conditions
(pH 5-6), the chromatographic retention of the H,
variant is consistent with protein adsorption by the
single fully accessible histidine at position 8. At
neutral to slightly basic conditions (pH 6.5-7.5),
however, the capacity factor increases much more
rapidly with pH, suggesting metal coordination by
additional protein surface groups. Indeed, even the
H(—) variant, with no surface histidines, is retained
strongly by the IMAC column at moderately basic
conditions (pH~8). The behavior of both variants
can be explained by including contributions from
approximately three surface metal-coordinating
groups each with pK~8 [12]. In fact, potentiometric
titration of wild-type S. cerevisiae iso-1-cytochrome
¢ shows approximately five groups titrating in the pH
range of 5.0-9.0 [37], only two of which correspond
to surface histidines (positions 33 and 39). Therefore
the additional metal-coordinating groups most likely
consist of the amino terminus and/or some subset of
the ca. 15 surface lysines of yeast cytochrome c.

1004

104

capacity factor k' (ml/ml TSK)

Fig. 5. Effect of pH on isocratic zonal elution of cytochrome ¢
variants. The chromatographic capacity factor for TSK-IDACu is
measured at different pH in the absence of imidazole for S.
cerevisiae iso-1-cytochrome ¢ histidine variants (@) H, and (A)
H(—). Error bars represent peak width at half-maximum ab-
sorbance. Best fit of Ac-His data from Fig. 4 (dashed line) is
shown for comparison.

3.4. Implications to protein recognition

It has previously been demonstrated that processes
which manipulate the extent to which multivalent
binding can occur (e.g., metal-ion loading [9])
represent powerful parameters to tailor IMAC sepa-
rations for particular target proteins. The wide range
of pK values spanned by imidazoles and amines
provides the opportunity to use pH to more spe-
cifically control the number of protein groups bind-
ing the IMAC support. The additional role of de-
protonated amine groups in multivalent binding in
IMAC therefore has important implications for the
design of efficient separations as well as for the
design of new materials for IMAC supports.

Because surface amines also contribute to binding,
the binding mode of a single-histidine protein in
IMAC can be strongly modulated simply by chang-
ing the pH. Under acidic conditions, metal coordina-
tion would be limited exclusively to surface his-
tidines. In this regime, IMAC displays sequence
specificity comparable to biological affinity sepa-
rations. In contrast, under basic conditions, any of a
large number deprotonated nitrogen side chains (e.g.,
histidines and lysines) can contribute to protein
adsorption via metal coordination, generalizing pro-
tein binding based on metal-to-ligand coordination to
a much wider array of proteins. In this regime,
IMAC behavior is more typical of ion-exchange
separations in that protein adsorption is driven by
interactions with multiple sites on the support.

Multipoint binding provides the opportunity to
target individual protein molecules by matching the
distribution of metal ions to the spatial distribution of
metal-coordinating imidazoles and amines [11,38].
The additional contribution of a common amino acid
such as lysine may therefore provide a mechanism to
distinguish among single-histidine proteins by the
secondary effects of additional metal-coordinating
groups. For example, template polymerization [38] at
higher pH should correctly position the metal ions to
complement the arrangement of protein surface
imidazoles and amines. In this case, specific high-
affinity binding sites would be created which match
the arrangement of metal ligands on the surface to
the distribution of histidines and lysines on a target
protein. The ensuing protein recognition could be
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performed at a lower pH, making surface histidines a
prerequisite to adsorption, but also placing a pre-
mium on those proteins with appropriate patterns of
surface lysines. However, with such a gain of
generality comes a loss of specificity: lysine is a
much more common amino acid (lysine is ca. 10%
of globular proteins versus ca. 2% for histidine).

4. Conclusions

At the low coverages typical of chromatography,
protein adsorption in IMAC is biased to those
surface sites which accommodate multipoint binding
of protein—metal-coordinating groups. Interactions at
multiple sites can greatly enhance the binding affini-
ty and dramatically alter specificity for certain
classes of proteins. One consequence of this is a
significant contribution from metal-coordinating res-
idues such as lysines to protein binding, although
surface histidines remain a prerequisite to binding at
neutral pH. Simultaneous coordination of multiple
copper sites in IMAC, particularly at low protein
coverage and elevated pH, is therefore not limited to
those proteins with multiple surface histidines. While
the additional role of surface amine groups in IMAC
complicates a molecular description of protein ad-
sorption, it generalizes the phenomenon of multival-
ent binding to a wider class of proteins.
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