Co-ordination ability towards Cu" of the 29-amino acid residue
trypsin inhibitor of squash and two of its analogues T
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Successful application of the potentiometric method together with NMR, EPR, CD and absorption spectroscopy
yielded accurate data concerning the stabilities of the complexes formed and their binding modes between Cu™ and
squash trypsin inhibitor. The major residue involved in the metal ion co-ordination is the His-25 imidazole side chain,
which acts as an anchoring donor and is bound to metal ion over the whole pH range (3-11.5) studied. The 3N
complex with {Nipia» N mis2s» N Guze) binding mode dominates at physiological pH. The data obtained indicate

that the protein after a particular mutation could be useful to model metal centres of large proteins.

Introduction

In short peptides a single histidine could play the role of an
anchoring site using its imidazole side chain nitrogen as a donor
atom. There is a second efficient anchoring site placed at the
N-terminal amino group nitrogen.' In oligopeptides both
sites may compete to bind such metal ions as Cu™ or Ni™.3*
Earlier results have shown that the imidazole nitrogen is the
primary anchoring site both for copper(ir)* and nickel(ir) ° ions.
When the His residue is close to the N-terminal amino acid the
next nitrogen to bind may be that of the terminal amino group,
forming a macrocyclic chelate ring.*”

CMTI-I, Arg-Val-Cys-Pro-Arg-Ile-Leu-Met-Glu-Cys-Lys-
Lys-Asp-Ser-Asp-Cys-Leu-Ala-Glu-Cys-Val-Cys-Leu-Glu-
His-Gly-Tyr-Cys-Gly, a serine proteinase inhibitor from pump-
kin seeds (Cucurbita maxima trypsin inhibitor-I), is a small
protein containing 29 amino acids, including three disulfide
linkages. These disulfide bridges induce high stability and rigid-
ity. CMTI-I contains a single His residue at the carbon terminus
at position 25, which is separated very well from the N-terminal
segment (Fig. 1). There is only one side chain donor system in
the vicinity of His-25, a carboxylate of Glu-24. Two adjacent
cysteines, Cys-22 and Cys-28, are involved in a disulfide bridge
formation (Cys10-Cys22 and Cys16-Cys28). These bridges
cause the peptide backbone in this fragment of protein to be
bent and more rigid than that in the linear oligopeptides. Thus,
the formation of complexes with the His imidazole and the
consecutive amide nitrogens may be distinctly affected by the
steric hindrance of the peptide backbone. This could allow
the N-terminal sequence, Arg-Val-Cys-Pro-Arg, to be more
competitive with the His-25 site in metal ion binding. In
oligopeptides the anchoring site at His means that successive
complexes are formed between Cu™ and the peptide, i.e. 1N, 2N,
and 3N species with one, two or three nitrogens all containing
the imidazole nitrogen as well as adjacent, one or more, amide
nitrogens, respectively. At high pH the 4N species with {NH,,

+ Electronic supplementary information (ESI) available: low-field 'H
NMR spectra, temperature dependence of R,, values and NOESY
spectra of the CMTI-I + Cu" system, EPR spectra of the CPTI*-
II + Cu" system. See http://www.rsc.org/suppdata/dt/b0/b0087900/
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Fig. 1 Structure of the CMTI-I back bone according to ref. 8.

3N ",miq; binding mode is usually formed at the nitrogen
terminus.’” However, in CMTI-I the Pro-4 residue acts as the
break-point and the 4N complex cannot be formed, as the
secondary Pro nitrogen involved in the peptide bond is unable
to co-ordinate to metal ions.>*® This particular situation creates
competition between the His imidazole and N-terminal amino
group. A study on Cu™-CMTI-I may then add new information
on to this particular problem.

Although a single His is not a very effective binding site to
model real metalloproteins, small proteins with well defined
structure can be used for engineering of specific metalloprotein
sites. Appropriate mutations around the His residue, e.g adding
further His or other residues, may allow one to model the
particular metal binding environment found in natural
metalloproteins.'®

Thus, studies performed on the Cu™CMTI-I system will
lead, on the one hand, to a better understanding of the
competition between the nitrogen terminus and His sites in
binding of Cu™ by natural peptides and on the other will allow
one to evaluate the potential of this small protein as a model for
further studies on metal binding sites in metalloproteins. To
verify our data we have studied also two analogues CMTI*-1,
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Table 1 Protonation and stability constants for three small proteins CMTI-I, CMTI*-I and CPTI*-1I and their copper(1) complexes at 298 K and
I1=0.1 mol dm? (KNO,)

CMTI-I CMTI*-1 CPTI*-11

Species log log K log log K log log K
HL 10.98 £ 0.02 1098  Lys 11.06 £ 0.01 11.06  Lys 11.06 £0.02 11.06 Lys
H,L 20.97 £0.02 999  Tyr 21.21 £0.01 10.15  Tyr 21.71 £0.02 10.65 Lys
H;L 28.63 £ 0.02 7.66  NHjerm) 29.40 £ 0.01 8.19  NHyerma) 31.79 £ 0.01 10.08 Tyr
H,L 34.55%£0.03 5.92 imidazole 36.45£0.01 7.05 2term1) 40.13 £ 0.02 8.34 NH,ermz)
HL 39.25+£0.03 470  Glu 41.80 + 0.01 5.35 imidazole 47.56 £ 0.02 7.43 2term1)
H(L 43.43 £0.03 418 Glu 46.07 £ 0.01 427 Glu 53.51 £0.02 5.95 \midazole
H,L 47.11 £0.04 3.68 Glu 50.05 £ 0.02 398 Glu 58.38 £0.02 4.87 Glu
HgL 50.05 £ 0.04 294  Asp 53.37£0.02 332 Glu 62.68 £ 0.03 4.30 Glu
H,L 52.85+0.04 280 Asp 56.35£0.03 298  Asp 66.90 £ 0.03 422 Glu
H,,L 59.01 £0.02 2.65 Asp — —

1 74.01 £0.03 3.55%2  Asp
CuH,L
CuH,L 45.99 +0.02 (2N)
CuH;L 32.92£0.03 (IN) 35.03 £0.03 (2N) 39.59 £0.02 (3N) 6.40
CuH,L 27.46 £ 0.02 (2N) 5.46 29.10 £ 0.03 (3N) 5.93 32.04 £0.03 (3N) 7.55
CuHL 20.80 + 0.02 (3N) 6.66 22.15%0.04 (3N) 6.95 23.54 £ 0.03 (3N) 8.50
CuL 12.23 £0.03 (3N) 8.57 13.87 £ 0.05 (3N) 8.28 13.83 £ 0.04 (4N) 9.71
CuH_,L 2.53+£0.03 (4N) 9.70 4251 0.06 (4N) 9.62 3.33£0.07(4N)  10.50
CuH_,L —8.19£0.04 4N) 10.72 —6.26+0.08 (4N) 10.51 —7.41£0.09(4N) 10.74
CuH ;L  —19.50 £0.04 (4N) 11.31 —17.19 £ 0.09 (4N) 10.93 —18.43 £0.06 (4N) 11.02

i.e. CMTI-I with a hydrolysed peptide bond between Arg-5 and
Ile-6, and CPTT*-1I, which compared to CMTI*-I contains two
mutations Arg-5—— Lys and Val-21 — Ile. This work was
also performed to evaluate the usefulness of the potentiometric
method for studying relatively large metal-peptide systems in
order to obtain good quality stability constants as a precise
measure of the metal-ligand interactions.

Experimental
Potentiometric studies

Stability constants for proton and copper(il) complexes were
calculated from titrations carried out at 25°C using total
volumes of 1.2-1.35 cm®. Alkali was added from a 0.250 cm?®
micrometer syringe calibrated by both weight titration and the
titration of standard materials. The ligand concentration was
(0.5-1.0) x 107* mol dm* and the metal-to-ligand ratios were
1:1.2 and 1:3. The pH-metric titrations were performed at
25°Cin 0.1 mol dm 3 KNO, on a MOLSPIN pH-meter system
using a Russel CMAW 711 semi-micro combined electrode
calibrated in hydrogen ion concentrations using HNO;.!
Duplicate titrations were performed for each molar ratio in the
pH range 3-10.7, and the SUPERQUAD computer program
was used for stability constant calculations.” Standard devi-
ations quoted were computed by SUPERQUAD, and refer to
random errors only. They are, however, a good indication of the
importance of a particular species in the equilibrium.

Spectroscopic studies

EPR spectra were recorded on a Bruker ESP 300E spectrometer
at X-band frequency (9.3 GHz) at 120 K, in a quartz tube about
2 mm diameter, using 33% ethylene glycol, 0.2 X 107* mol
dm™* Cu" and a metal to ligand ratio of 1:1.2 in the pH range
3-11.5. Absorption spectra were recorded on a Beckman
DU 650 spectrophotometer, circular dichroism (CD) spectra on
a JASCO J 715 spectropolarimeter in the 800-240 nm range.
The metal concentration in CD and UV-VIS spectroscopic
measurements was adjusted in the range (1-0.24) x 1073
mol dm~* and metal to ligand ratios were 1:1 and 1:1.2. The
spectroscopic parameters were obtained at the maximum con-
centration of the particular species from the potentiometric
calculations.
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NMR experiments were carried out on a Bruker Avance
DRX 600 spectrometer at controlled temperature (+0.2
K). Solutions were made up in deionized water containing 8%
deuterium oxide and carefully deoxygenated by freezing—
thawing cycles. Chemical shifts were referenced to internal
3-trimethylsilyl[*H,]propanesulfonate (TSP-d,). The pH was
adjusted to the desired value with either DCl or NaOD. A stock
solution of copper nitrate in H,0-D,0 was used to obtain the
desired copper concentration in the CMTI-I solution.

Spin-lattice relaxation rates were measured with standard
inversion recovery pulse sequences and calculated by a
exponential regression analysis of the recovery curves of
longitudinal magnetization components. TOCSY experiments
were run with standard pulse sequences by using a total
spin-locking time of 75 ms given by an MLEV-17 mixing
sequence. NOESY spectra were obtained with standard pulse
sequences using 100 ms as optimized mixing time. Suppression
of the water signal was obtained by using the WATERGATE
pulse sequence.

Inhibitor preparation

Squash inhibitors CMTI-I and CPTI*-II were isolated from
figleaf gourd and summer squash seeds, respectively, and
purified as described earlier.'* CMTI*-I was prepared by 48 h
incubation of the intact form CMTI-I with trypsin at pH 2.8,
followed by ion exchange chromatography and desalting.™*

Results
Protonation constants

CMTI-I has potentially thirteen protonation sites including
those at the N-terminal amino group, six carboxylates (carbon
terminal, three glutamates and two aspartates), histidine
imidazole, tyrosine phenolate, two lysine side chain amino
groups and two guanidines of arginines. Calculations based on
the potentiometric titrations gave nine protonation constants,
which can be assigned as shown in Table 1. The large number of
protonation constants means that the extreme values, very high
and very low, are more difficult to evaluate precisely from the
data obtained in the pH range studied; e.g. the pK values for the
second Lys and two Arg should distinctly exceed 11 and their
evaluation cannot be convincingly precise. The values of the
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Fig. 2 Species distribution curves for Cu"-CMTI-I, metal to ligand
molar ratio 1:1.2, [Cu™] =5 x 107* mol dm~3. ©, A¢ (a) or ¢ (b) values
of the d-d transition taken from CD or absorption spectra; *, the
respective 4,,,. The dashed dotted line corresponds to 1N, dashed line to
2N, solid line to 3N and dotted line to 4N species. The areas of precipi-
tation of the complexes are indicated.

respective pK and their assignment are rather characteristic and
do not differ from those presented in the literature."® The
analogue CMTI*-1 with a hydrolysed peptide bond between
Arg-5 and Ile-6 exhibits clearly an additional protonation con-
stant for the NH, group of the Ile residue (Table 1). Insertion of
the Lys residue instead of Arg-5 for the hydrolysed CPTI*-I1
between the same residues as for CMTI*-I results in two
additional protonation constants including those at pK = 10.65
and 8.34 corresponding to protonations of the amino groups of
the Lys-5 and Ile-6, respectively (Table 1).

Cu"-CMTI-I complexes

Potentiometric and spectroscopic data. Solutions containing
Cu" and inhibitor show foaming at pH 5-6.5 indicating the
possibility of precipitation in the titrated samples, due most
likely to formation of minor species with metal ion bridging
two protein molecules. Copper(1) ion bound to imidazole of
exposed His-25 residue has the potential ability to bridge two
molecules of CMTI-I leading to precipitation of Cu(CMTI-I),
species. Outside this pH region titration could be done precisely
and the calculations based on the potentiometric data indicate
formation of the species collected in Table 1. Addition of SDS
to the Cu™-CMTI-I solution improves slightly the solubility
problem at pH 5-6.5 and the spectroscopic data obtained
for SDS (sodium dodecyl sulfate) samples are similar to those
obtained for pure aqueous solution. In the case of the two
analogues, CMTI*-1 and CPTI*-II, solutions were clear over
the whole pH range studied.

Co-ordination of Cu" to CMTI-I. Computer analysis of the
potentiometric data revealed the presence of the following
species in the Cu**~CMTI system: CuH,L, CuH,L, CuHL,
CuL, CuH_,L, CuH_,L and CuH_;L (Table 1, Fig. 2). Accord-
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Fig. 3 Histogram of R,, values measured for selected protons of
2.3 % 107* mol dm™* CMTI-I in 92% H,0-8% D,0 at pH 4.8 (blank
column) and 10.3 (pattern column) in the presence of Cu" (4.26 x 107¢
mol dm™) at 303 K.

ing to the EPR parameters 4, = 159 G, g, = 2.296_(Table 2) the
complex formed below pH 6 (CuH,L species) is the 2N complex
with likely involvement of imidazole and amide nitrogens in
co-ordination.? The NMR relaxation measurements (see below)
clearly support this indication. At pH 6.5-8 the energy of the
d-d transition moves to 610 nm indicating binding to a third
nitrogen resulting in the {N;.4 2N~} co-ordination mode.?
Increase of pH above 11 moves a d-d band to 543 nm. This
again indicates successive nitrogen binding and formation of
the 4N species.” The third amide nitrogen, in the 4N species,
should derive, however, from Leu-23 being next to Cys-22
involved in the disulfide bridge formation. The formation of the
Cys10-Cys22 disulfide unit induces a very rigid bent structure
and, as a result, a distinct hindrance to the residues placed
around Cys-22. Thus, the involvement of the Leu-23 amide
nitrogen in the copper(ir) ion co-ordination could be less
favourable. A very similar set of complexes was obtained for the
two analogues CMTI*-1 and CPTI*-II (Table 1). The calcu-
lations of the stability constants for the latter systems were
easier as no precipitation was observed during pH variation.

Owing to the high complexity of the systems studied, very
careful correlation of the species distribution with spectro-
scopic data was performed (Fig. 2a,b). The pH dependence of
the d-d transition energy, A¢ and A values fits very well the
species distribution pattern indicating that the chemical model
obtained from the potentiometric data calculations is very
likely to be correct.

NMR spectra of CMTI-I in water—deuterium oxide were
recorded at pH 4.8 and 10.3. Assignments were performed by
use of TOCSY spectra (ESI supplementary data Table S1). The
measured chemical shifts were in substantial agreement with
previous data at pH 4.7.%!° It is noticeable that several signals
were missing in the amide region of NMR spectra obtained at
pH 10.3. This is most likely determined by enhanced exchange
rates among conformational isomers. Upon addition of copper
(ESI supplementary data Fig. S1) NMR spectra underwent
extensive line broadening and spin-lattice relaxation rates were
selectively affected as shown in Fig. 3. The reported Ry, is
defined in eqn. (1) where 1/7," and 1/T,° are the spin-lattice

RS SO S 1)
PTopobs  ptT T 4o

relaxation rates of protons in the free and metal-bound states,
1/T,°* is the rate measured in the presence of chemical
exchange between the two environments, p, the fraction of
metal-bound ligand and 7, ! the off-rate constant. Delineation
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of copper binding sites is only possible when the R,, is mainly
contributed by 1/T,°, i.e. in the conditions of fast exchange.
The fast exchange was found by measuring the temperature
dependence of paramagnetic relaxation rates (ESI supple-
mentary data Fig. S2) at both pH values. The relaxation rate
in the metal-bound state is accounted for by the simplified
Solomon equation '™ (2) where yy and y, are the proton and

L1y 3ty
T 10 6 22 (@)
7010 5 U + oyl

electron magnetogyric ratios, r is the metal-proton distance,
wy the proton Larmor frequency and 7y the rotational corre-
lation time of the metal complex. Structural delineation of the
CMTI-I-copper adduct is however not an easy task because,
upon binding the metal, (i) the amide nitrogen undergoes loss
of the bound hydrogen which no longer contributes to the
nuclear relaxation rate and (ii) the crowded spectrum prevents
determination of H, spin—lattice relaxation rates. The observed
effects suggest binding of the imidazole ring at both pH values,
the measured R,, being consistent with copper distances from
ZHis 2C-H in the range 0.17-0.20 nm and from *His 4C-H in
the range 0.18-0.20 nm. The distance limits were calculated by
considering p, = [Cu®**}/[CMTI-I] and a motional correlation
time in the range 0.1-1.0 ns at 303 K. Quite interestingly large
paramagnetic effects were measured for NMR signals far from
the metal binding site, namely on *Asp NH, "*Cys NH and
#Met NH, the last two being sizeable at pH 10.3 only. The R,, of
8Met NH was not included in Fig. 3 because it was much larger
than the other values and also because the extensive line broad-
ening yielded a large experimental error in the measurement.
The occurrence of dipole-dipole interactions between Cu'™ and
such relatively distant protons is easily interpreted in the light
of the observed folding of the peptide metal binding site
towards the N-terminal residues. NOESY spectra showed
strong connectivities between protons belonging to different
moieties (ESI supplementary data Fig. S3), in the absence as
well as in the presence of copper(i) ions, including among
others: 2Cys NH-"*Asp H,, #*Leu NH-**Cys H,, '°Cys NH-
YTyr H, and aromatic protons of *’Tyr with °Glu H,, "Leu Hy
and "Leu H;. The interaction between protein fragments is also
seen in the crystal structure of CMTI-I with bovine B-trypsin.?

NOESY maps were also taken for further characterization of
the metal complexes in solution by focussing on the NH-H,
connectivities as shown in Fig. 4a. It is well known that the
intensity of a cross peak depends upon the efficiency of the
exchange process, namely the dipolar cross relaxation rate and
the transverse relaxation rate of the involved NMR reson-
ances.?! As a consequence, the addition of paramagnetic metal
ions is expected selectively to wash out the cross-peaks connect-
ing protons experiencing dipolar or scalar local fields induced
by the electron magnetic moment.? The occurence of chemical
exchange of peptide molecules between the free and copper-
bound environments affects the observed NOESY maps
provided the rate of exchange is faster than the proton relax-
ation rates. The selective attenuation of cross-peaks (Fig. 4b)
may then demonstrate the vicinity of the involved H, protons to
the paramagnetic center. From this point of view it is worth
noticing that the most affected cross-peaks, besides those
involving *His H,, **Glu H,, *Leu H,, were those belonging to
the indicated proton pairs located towards the N-terminal
region.

According to the potentiometric data (Fig. 2a,b) there are
two species present at pH around 5 (CuH;L and CuH,L). It
should be mentioned here that potentiometric data were
obtained for stoichiometric molar ratios, while NMR relax-
ation measurements were performed for a high excess of
protein. Although NMR data may not be directly transferred
into the stoichiometric conditions they strongly indicate the
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Fig. 4 Effect of Cu" on NH-H, connectivities in the NOESY
spectrum of 23 mmol dm™* CMTI-I in 92% H,0-8% D,0 at pH 4.8,
303 K; ligand “free” (a) and (b) in the presence of Cu™ (5.75 x 10~¢ mol
dm?).

His-25 side-chain is an anchoring donor set for Cu™. Thus, the
NMR data support the suggestion given above that CuH;L
(IN) and CuH,L (2N) complexes are formed at the His-25 site
involving N;idazore (IN) 0oF {Nipnias N7} (2N) donor sets. This
co-ordination mode has also some minor impact on the amide
protons around the binding site, eg Gly-26, Glu-24 and
Leu-23.

For the CuHL, 3N, species the presence (in CD spectra) of
the charge transfer transition of Ny,—Cu?" at 331 nm,? the
EPR parameters 4,=170 G, g;=2.225 and the d—d transition
energy at 610 nm suggest {N;., 2N} co-ordination?
with involvement of His-25 and Glu-24 deprotonated amide
nitrogens (Table 2).

The further increase of pH results in deprotonation of the
CuHL complex to CuL species. This does not lead to any
distinct variation in the spectral parameters. The pK value of
8.57 of this reaction may indicate deprotonation of the
N-terminal NH;* group (Table 1). Above pH 8.5 the d—d transi-
tion is shifted to much higher energy with a band centred at 543
nm (Table 2). Both the CD and EPR parameters indicate
formation of the 4N complex with four nitrogens involved in
the metal ion co-ordination. A further two deprotonations,
CuH_,L— CuH_,L—— CuH_,L, correspond to deproton-
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ations of Tyr-27 and one of the Lys side chains. The CuH_,L
and CuH_,L species have very similar CD parameters support-
ing no variation in the co-ordination mode during these two
deprotonations. The formation of the 4N complex in the Cu™~
CMTI-I system (data obtained for pH 10.3) results in an
increase in relaxation rates of the amide protons of Tyr-27,
Cys-28 and Gly-29. A very high increase of the relaxation rates
is observed also for Met-8, Asp-15 and Cys-16 amide protons.
The latter residue forms a disulfide bridge with Cys-28. The
other two considerably affected amide protons are those of
Cys-22. These variations of the relaxation rates may indicate
distinct variations in the protein conformation upon metal ion
binding at the His-25 imidazole ring nitrogen when 4N species
is formed. Also the high pK value of the reaction CulL-
(3N)—— CuH_,L(4N) of 9.70 (Table 1) when compared to
those for other similar peptides (=8.47) seems to support a
major structural variation when the 3N species is transformed
into the 4N complex.?* The assumption of the formation of the
4N complex with involvement of the amide nitrogens on the
C-terminal side of His-25 (Gly-26, Tyr-27 and Cys-28) could
explain e.g the extremely large change of the Met amide proton
relaxation rate in the presence of copper(ir) ions. According to
the earlier crystal structure of CMTI-I with bovine B-trypsin,?
the Met-8 carbonyl oxygen is hydrogen bonded to the Cys-28
amide nitrogen. Cys-28 is also connected with Cys-16 via the
disulfide bridge. This could explain influence of Cu™ on the
Cys-16 and Asp-15 amide protons. However, the {N,,, 3N}
binding to a His-Xaa-Yaa-Zaa sequence is rather unlikely** and
involvement of the fourth amide nitrogen from Leu-23 has to
be assumed. The involvement of Leu-23 in the metal ion bind-
ing in the 4N species is reflected in the **Leu H, proton, whose
relaxation rate increases distinctly when Cu™ is added only at
pH 10.3. However, the overlapping of the signals of this proton
with those of ?'Val H, and Leu H, does not allow one to
quantify this change in relaxation rate.

Copper(11) binding to CMTI*-1. Cleavage of the peptide bond
between Arg-5 and Ile-6 in CMTI-I results in formation of a
protein still having 29 amino acids due to the presence of the
Cys3-Cys20 disulfide bridge. There are two N-terminal amino
groups at Arg-1 and Ile-6 with pK =7.05 and 8.19, respectively
(Table 1).

From the calculations of the potentiometric titration data the
following species were found: CuH,L, CuH,L, CuHL, CuL,
CuH_,L, CuH_,L and CuH_;L. The CuH;L species may be
regarded as comparable to the CuH,L complex of CMTI-I with
the additional protonated amino group of Ile-6. The complex
formation pattern is similar to that of CMTI-I although the
first observed complex, CuH;L, is the 2N species rather than
the IN complex (Table 1, Fig. 5a,b). The absorption band of
the d—d transition at 643 nm and the EPR parameters 4, = 158
G, g, =2.317 strongly support such a binding mode (Table 2).?
The deprotonation reaction CuH;L —— CuH,L is accom-
panied by a shift of the d-d band to ~600 nm and decrease of g,
to 2.224 in the EPR spectra suggesting binding of the third
nitrogen. Thus, the CuH,L species is a 3N complex with a
{Nimia» 2N} co-ordination mode.? The pK value of the second
amide deprotonation of 5.93 is slightly higher than the respect-
ive value for CMTI-I (Table 1). The two other deprotonations
leading to CuHL and CuL species with pK of 6.95 and 8.28 can
be assigned to proton dissociations at the amino groups of
Arg-1 and Ile-6, respectively. The CD spectra of all three 3N
species, CuH,L, CuHL and CuL, are very close to each other
supporting the latter suggestion.

The three other complexes, CuH_;L, CuH_,L and CuH _;L,
with d-d transitions around 514-523 nm are clearly 4N
complexes. The deprotonation reactions CuH_;L——
CuH_,L + H" and CuH_,L — CuH_;L + H" with pK 10.51
and 10.93 can be assigned to proton dissociation from Tyr-27
and one of the Lys side chain amino groups.
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Fig. 5 Species distribution curves for Cu-CMTI*-I, metal to ligand
molar ratio 1:1.3, [Cu™] = 5.5 X 10™*mol dm 3. O, Ae (a) or ¢ (b) values
of the d—d transition taken from CD or absorption spectra; *, respective
A.m- Dashed line corresponds to 2N, solid line to 3N and dotted line to
4N species.

Copper(11) binding to CPTI*-II. Both potentiometric and
spectroscopic data (Tables 1, 2) indicate that co-ordination of
Cu" to this protein is very similar to that discussed above for
CMTI-1 and CMTT*-1. It starts at pH around 4.5 with form-
ation of the CuH,L species, which according to the EPR and
UV-Vis data is a 2N complex (Table 2). Successive deproton-
ation results in formation of the CuH;L complex with 3N
co-ordination. The CuH,L and CuHL complexes are formed
after deprotonation of N-terminal NH;* and lateral Ile-6
amino groups (Table 1, Fig. 6a,b). The protonation constants
of the CuH,L and CuHL complexes are 7.55 and 8.50, respect-
ively, and they are comparable to those of the “free” ligand
(Table 1). The spectroscopic data with d—d bands at 604-583
nm and EPR parameters 4;=172-183 G and g, =2.221-2.208
are characteristic for {N;,.4, 2N~} co-ordination.?

Above pH 9 the formation of the CuL complex is accom-
panied by a strong shift of the d—d band towards higher energy
(510-523 nm). The EPR parameters 4, =204 G, g, = 2.180 and
the presence of nine superhyperfine lines correspond very well
to the co-ordination of four nitrogens to Cu™ (Table 2, ESI
supplementary data Fig. S4). These variations of the spectro-
scopic data clearly indicate the formation of the 4N complex as
was found for the proteins discussed above.

Discussion

The potentiometric as well as the spectroscopic data obtained
for Cu™ with three small proteins show very similar patterns of
metal ion binding. The measurements of the relaxation rates
performed for the Cu"™CMTI-I system show the His-25
imidazole nitrogen is the only anchoring site in the whole pH
range studied. All three proteins form very easily the 3N species
with the {Nj.4 2N} binding mode, involving imidazole
and two successively deprotonated amide groups of His-25
and Glu-24. This is a typical co-ordination mode found for
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oligopeptides having a His residue inserted into the peptide
sequence with a blocked N-terminal amino group.?* The
presence of an amino group at the nitrogen terminus in the
oligopeptide allows the formation of large chelates involving
both imidazole and N-terminal amino nitrogens.*” Such
macrocyclic chelates are thought to induce the formation of the
4N complex at the nitrogen terminus without involvement of
imidazole nitrogen, when His is inserted far away from the
terminus.

The binding of Cu" by the three inhibitors studied here
is more effective than by the oligopeptide protected at the
nitrogen terminus (Fig. 7, CMTI*-I was chosen as no precipit-
ation was observed during the experiment). However, the
formation of the 3N species with the protein occurs at the same
pH as that for a short peptide. It is clear that {N,4, 2N~}
binding is very efficient and exists in the whole biologically
relevant pH range. It is interesting, however, that the formation
of the 4N complex is much more difficult for the proteins

studied here than, e.g, in the case of a hexapeptide. This may
strongly indicate that the formation of the 4N species of
CMTI-I and its analogues requires a major reorganization of
the donor set or structure around the metal ion binding site.
As is shown above, the His-25 imidazole is involved in the metal
ion binding also in the 4N species. This excludes metal ion
binding to amide nitrogens directed towards the C-terminal
part of the ligand. As the disulfide bridge between Cys-22 and
Cys-10 introduces a very rigid structure of the peptide
backbone around Cys-22, the binding to the amide nitrogen of
Leu-23 is less favoured and thus the formation of the 4N com-
plex is more difficult than in the case of linear peptides by one
log unit.

The distinct changes in the relaxation rates of the Cys-28,
Cys-16 (linked to Cys-28 by disulfide) and Met-8 (hydrogen
bonded to Cys-28) residues strongly suggest that copper(In)
co-ordination to His-25 and three adjacent amide nitrogens of
His-25, Glu-24 and Leu-23 does not change dramatically
the interactions between the particular amino acid residues
observed in the metal-free protein. The changes of the relax-
ation rates at Cys-28 at pH above 10 support the involvement of
the Leu-23 amide, which according to NOESY spectra is linked
to 2Cys H,, (see above).

An interesting finding is that showing no competitiveness
of the nitrogen terminus to co-ordinate Cu", even when the
formation of the 4N species at His-25 is not favourable. The
major reason for Cu™ remaining at His-25 in the 4N species
could be the distinctly higher ability to form 1N-3N complexes
by the inhibitor and its analogues when compared to that of
linear oligopeptides. It should be mentioned that the large
distance between the N-terminal amino group and His-25
(about 18 A) (Fig. 1, ref. 8) does not allow a macrochelate
structure. Thus, competition between the N-terminal amino
group and distant His residue to bind metal ions is of meaning
only for short, structurally not organized oligopeptides when
macrocyclic co-ordination may occur.

The effective binding of metal ion to His-25 indicates that
modification of the amino acid residues around this site, e.g
their substitution by additional His, may allow the creation of
effective and specific sites to model large protein—metal binding
sites, both catalytic and structural ones. It is also interesting
that the cases discussed above are the largest peptides to which
precise potentiometric measurements have been applied. This
allowed comparison of the binding of copper(ir) ions by small
proteins having well organized structure with that by simple
linear oligopeptides.
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