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ABSTRACT: The enthalpic and entropic components of
Cu’* and Cu" binding to the blue copper protein azurin have
been quantified with isothermal titration calorimetry (ITC)
measurements and analysis, providing the first such exper-
imental values for Cu” binding to a protein. The high affinity
of azurin for Cu®" is entirely due to a very favorable binding
entropy, while its even higher affinity for Cu® is due to a
favorable binding enthalpy and entropy. The binding
thermodynamics provide insight into bond enthalpies at the
blue copper site and entropic contributions from desolvation
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and proton displacement. These values were used in thermodynamic cycles to determine the enthalpic and entropic
contributions to the free energy of reduction and thus the reduction potential. The reduction thermodynamics obtained with
this method are in good agreement with previous results from temperature-dependent electrochemical measurements. The
calorimetry method, however, provides new insight into contributions from the initial (oxidized) and final (reduced) states of
the reduction. Since ITC measurements quantify the protons that are displaced upon metal binding, the proton transfer that is
coupled with electron transfer is also determined with this method. Preliminary results for Cu®* and Cu* binding to the
Phel14Pro variant of azurin demonstrate the insight about protein tuning of the reduction potential that is provided by the

binding thermodynamics of each metal oxidation state.

B INTRODUCTION

Metalloproteins and metalloenzymes typically bind their
essential metal ion(s) with high affinity, thereby ensuring
they maintain an active structure and/or catalytic activity. This
is especially important for redox metalloproteins," where both
oxidation states of the metal must remain bound for their
function in electron transfer. The protein affinity for a metal
ion includes both enthalpic and entropic components that are
unique for the protein site and the metal ion, and these
originate from first coordination sphere bonding, second
coordination sphere contributions (e.g., hydrogen bonding,
electrostatic environment), and entropic factors (e.g., desolva-
tion, conformational changes).

During electron transfer to a redox metalloprotein, the initial
state has a bound oxidized metal ion, and the final state has a
bound reduced metal ion. Since the two ions have a different
charge and electronic structure, reduction involves a shift from
the thermodynamics that bind the oxidized metal ion to the
thermodynamics that bind the reduced metal ion. Therefore,
the reduction thermodynamics of a metalloprotein can be
determined from cycles that include the thermodynamics of
binding each metal oxidation state to the protein. The
reduction thermodynamics also includes contributions from
the charge-balancing proton transfer that accompanies electron
transfer.”°

A well-studied protein redox site is the blue copper, or type
1 copper, site found in small proteins (e.g, plastocyanin,”
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azurin®) and multicopper oxidases (e.g., laccase,” ascorbate
oxidase'?), which have trigonal copper coordination by a Cys
thiolate and two His residues, as well as weak axial ligation, in
both the oxidized (Cu®*) and reduced (Cu*) proteins, as
shown for azurin (Figure 1).

This results in unique spectral (4,,,, ~ 600 nm; & ~ 5000
M cm™') and magnetic (small A; hyperfine coupling)
properties of Cu?" bound at this protein site, which has a
higher reduction potential (~180—370 mV vs NHE) than
aqueous copper (150 mV vs NHE). Rapid electron transfer by
this metalloprotein site is due, in large part, to the small inner-
sphere reorganization for the similar Cu®** and Cu'
coordinations.' "> Of particular relevance here, a very similar
structure of the active site residues is maintained in the metal-
free apo-plrotein,13_15 resulting in little conformational change
upon either Cu** or Cu* binding (Figure 1).

We have used isothermal titration calorimetry (ITC)
measurements to quantify the thermodynamics of both Cu®*
and Cu’ binding to azurin. These results are compared with
Cu*" binding thermodynamics reported earlier'® and provide
the first thermodynamics of Cu” binding to a protein. We find
that each metal ion binds to azurin with a unique and very
different combination of enthalpy and entropy, which provides
insight about Cu®" and Cu* bonding at the blue copper site
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Figure 1. Structures of P. aeruginosa azurin (left) wild-type Cu**—azurin (PDB 4AZU), with metal-coordinating and other key residues indicated;
(right) overlay of the metal-binding site for Cu®*—azurin (blue; PDB 4AZU), Cu*—azurin (gray; PDB 1ESY), and apo—azurin (green; PDB 1E65).

and entropic contributions to the protein affinity for each
metal ion. The binding thermodynamics were then used in
thermodynamic cycles to determine the azurin reduction
thermodynamics for comparison to values reported previously
from temperature-dependent electrochemical measurements of
the reduction potential.'”'® Since ITC measurements quantify
the proton transfer to/from the protein that accompanies
metal binding, these results for Cu** and Cu* were used to
experimentally quantify the proton transfer that is coupled to
the electron transfer of azurin reduction. Finally, preliminary
measurements and analysis of an azurin variant provide an
example of the quantitative insight about protein tuning of the
metal reduction potential that can be determined with this
calorimetric method.

B EXPERIMENTAL SECTION

Pseudomonas aeruginosa azurin DNA was provided in a pET9a vector
from Yi Lu (University of Illinois Urbana—Champaign), with
permission from the late John Richards (California Institute of
Technology), as was the DNA of the F114P mutant.

The expression and purification procedure for both wild-type and
F114P azurin was adapted from Karlsson et al.'” (see Supporting
Information).

Copper was removed from azurin by dialysis of the holo-protein
against 0.15 M Tris, 0.10 M KCN, and pH 8.3, at 4 °C overnight (~8
h minimum).***" The resulting apo-azurin was then exchanged into
the buffer of interest by centrifugal filtration with a 10K Amicon filter
(EMD Millipore) until no more cyanide was detected. The protein
concentration was determined by A,g,, with € = 9 mM™! cm™.>

Stock solutions of Cu* were prepared by comproportionation from
CuSO, and copper wire, as described previously,”> with excess
1,1,4,7,10,10-hexamethyltriethylenetetramine (Me Trien) (Sigma-Al-
drich) as the Cu'-stabilizing ligand and the final pH adjusted to
neutral. All solutions were prepared with deoxygenated distilled (18
MQ) water in an anaerobic Coy chamber with a 98% N, and 1.5% H,
atmosphere and a Pd catalyst that kept the oxygen level at <2 ppm.
The concentration of Cu” was determined spectrophotometrically
with a bicinchoninic acid (BCA) standard and A, with € = 7.9

14330

mM™! cm™! for the resulting Cu(BCA),>".>* Buffer solutions were
evacuated and sparged with Ar prior to use.

The ITC samples were prepared immediately prior to measure-
ment in glass vials that had been acid washed to remove trace metals.
Anaerobic samples of apo—azurin for Cu" titrations were prepared in
one of two ways: (a) dithiothreitol was added to a 2.5 mL
concentrated sample of apo—azurin to a final concentration of ~3
mM in the anaerobic Coy chamber, and this solution was added to a
PD-10 desalting column (GE Healthcare) that had been equilibrated
with the degassed buffer of interest, and the protein was eluted with 3
mL of the same buffer or (b) a concentrated solution of apo—azurin
was evacuated until bubbles stopped appearing and was then taken
into the anaerobic Coy chamber. Samples prepared with either
method gave quantitatively similar ITC results.

The ITC measurements were obtained with a MicroCal VP-ITC
that has a 1.4 mL sample cell and 300 yL injection syringe, using 7—
10 pL injection volumes, 300—600 s injection spacings, 459 rpm
stirring, and 25 °C. Both the titrant (metal ion) and titrand (protein)
were in identical buffered solutions. For anaerobic measurements, the
VP-ITC was housed in a custom Plexiglas glovebox that was purged
with N, gas. The ITC measurements are presented in a top panel that
shows the raw data (power vs time), with negative exothermic peaks
and positive endothermic peaks and a bottom panel that shows the
integrated, concentration-normalized enthalpy plotted against the
molar ratio of titrant (syringe) to titrand (cell). The data were fit to a
one-site binding model provided with the VP-ITC Origin software.

Initial measurements for each type of experiment were used to
determine the conditions (sample concentrations; injection volume,
spacing, number) necessary to provide thermograms that were
consistent and suitable for analysis. A minimum of three measure-
ments was then obtained and analyzed, with errors calculated from
standard deviations of the data from these titrations.

A post hoc analysis of the experimental binding enthalpy (AH;rc)
accounted for the contributions from buffer competition for Cu** and
MegTrien competition for Cu’, as well as protonation of the buffer
and MegTrien. This required the thermodynamics of buffer
interaction with Cu®*(AH® ¢, puer), described in Appendix A of
the Supporting Information, and the thermodynamics of formation of
the Cu" complex with MegTrien (AH® ¢y, mesTrien), described in
Appendix B of the Supporting Information. This analysis also
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quantifies the protonation of the buffer, which is needed to determine
AH®' ¢y pguin Using a Hess’s Law analysis for Cu®* (eq 1) and Cu* (eq
2).

AI_IITC == AI_IO’CuZJr-bl.lffer - nH+AHO/Azurin-H + nH+AH°/buffer-H
+ AHO/CuH-Azurin (la)
AHITC + AI_I()’Cupr-buffer = nH+(AHO/buffer-H)
+ ( - nH+AHO/Azurin—H + AHO/CuztAzurin) (lb)
AHITC == AHO/CutMeéTrien - an‘fAHO/Azurin-H
+ n2H+AHO/Me6Trien7H7 + nSH‘*AHO’bufferH
+ AHmCu‘*’-Azurin (23)
AHITC + AI_IO/Cu"'—MeSTrien
= n3H+(AHO/buffer-H) + nZH‘*AHO/MeﬁTrien-H
+ (_an‘rAHOIAzurin-H + AHO/Cu"'»Azurin) (2b)

In the case of Cu®* (eq la), protons displaced from the protein (1)
bind to the buffer. For Cu* (eq 2a), the displaced protons (n;;y) bind
first to the MeTrien that has released the Cu® (nyy) since it has
higher pK, values (9.19, 8.38) than the buffer, and additional
displaced protons bind to the buffer (n;y') (Appendix B). Buffer
protonation upon Cu®* (ny) and Cu" (n3y) binding to azurin was
quantified by an analysis of the binding data in different buffers using
the linear relationships in eq 1b and eq 2b, respectively.

A post hoc analysis of the experimental binding constant (Kirc)
accounts for buffer competition for Cu** (eq 3) and competition by
Me,Trien for Cu’, where proton competition with Cu” for MegTrien
is also included in the analysis (eq 4).>**® This provides the
condition-independent binding constant (Kcy.zuin)-

I<Cu2+-Azurin = I<ITC(abuffer) = I<ITC(1 + KCuZ+-buffer[bUffer]basic)

)

Keut-amurin = KITC(aMeGTrien)

[Me6Trien]total
(1 + I<Me5Trien-H[H+])
(4)

The change in free energy (AG®’) and entropy (AS°’) for metal
ion binding to the protein is then found with standard relationships

(eq 5).

o/
AG Cu-Azurin

= Kire| 1 + Keyt MegTrien

—RT In I<Cu-Azurin

or o/
AH Cu-Azurin TAS Cu-Azurin

©)

Thermodynamic values are referenced to the biochemical standard
state (pH 7.0), AX°’, as is common for biomolecular calorimetry.

B RESULTS AND ANALYSIS

Cu®* Binding to Azurin. Copper(I) binding to apo—
azurin was measured by ITC at pH 7.0 and 25 °C in four
different buffers. Figure 2 shows representative data for a Cu*"
— apo—azurin titration with both the metal ion and protein in
a 100 mM bis-Tris buffer solution.

Similar binding isotherms are found for reverse titrations
(apo—azurin — Cu®") in matched buffer solutions. The metal-
binding stoichiometry was very close to the expected value of
1.0 with some buffers, but this value was fixed for others. The
binding appears to be weak for a metalloprotein, but the
isotherm reflects the competition between the protein and the
amine buffer, which has a significant affinity for Cu®
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Figure 2. Representative ITC thermogram of 1.0 mM CuSO, titrated
into 0.03 mM apo—azurin with both solutions containing 100 mM
bis-Tris buffer, 100 mM NaCl, pH 7.0; best fit values to a one-site
binding model: n = 1.0 + 0.2, Kiyc = 2.5 (£0.4) X 10%, AHypc = =24
+ 0.5 kcal mol™".

(Appendix A) and is present at a high concentration. Table
1 contains the average values from best fits of the experimental
data to a one-site binding model.

Further analysis of the binding data requires the
quantification of proton transfer to/from the buffer that is
coupled with Cu** binding to the protein. The experimental
binding enthalpy in the four buffers, along with values for the
enthalpy of the Cu**—buffer interaction (Appendix A) and the
buffer protonation enthalpies,”® were used in this analysis
(Figure S1), which shows that 1.5 + 0.3 protons are displaced
from azurin upon Cu”* binding at pH 7.0. This value was then
used in a Hess’s Law analysis of the data obtained with each
buffer to determine the buffer-independent enthalpy of Cu®**
binding to azurin (Table 2). These values from data obtained
with each buffer are quite similar, indicating that buffer
contributions to the net binding enthalpy have been removed.

To determine the buffer-independent binding constant and
binding free energy, competition by the basic form of the
buffer for the Cu®* at pH 7.0 (Appendix A) was included in the
data analysis (eq 3). Again, the buffer-independent binding
constants from data obtained with each buffer are quite similar
(Table 2), indicating that buffer contributions to the free
energy of metal binding have also been removed. These results
reveal that Cu®* binds to azurin with log K = 15.4 + 0.2 (Kp =
0.4 + 0.2 fM) and thermodynamic values of AG®' = —21.1 +
0.2 kcal/mol, AH®" =2 + 1 kcal/mol, and AS®" =78 + 3 cal/
mol-K (—=TAS® = —23 + 1 kcal/mol at 298 K) at pH 7.0.

Cu* Binding to Azurin. Copper(I) binding measurements
in aqueous solution are more challenging due to competing
oxidation, precipitation, and disproportionation reactions of
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Table 1. Average Experimental ITC Values Obtained from Best Fits to a One-Site Binding Model for Cu®* and Cu* Binding to

Apo—Azurin in Different Buffers at pH 7.0 and 25 °C

buffer n
Cu* bis-Tris 1.03 + 0.04
TAPSO 1.04 + 0.08
DIPSO 1.00
TES 1.00
Cu* HEPES 0.8 + 0.1
PIPES 0.8 + 0.1
ACES 0.56 + 0.02
TES 0.49 + 0.01
TAPSO 0.5 + 0.1

Kire AH;rc (kcal/mol)
2.1 (x£0.3) x 10* —2.4 + 02
7.8 (£5.2) x 10* —2.04 + 0.02
22 (x1.1) x 10* -1.9 £ 03
1.0 (£0.5) x 10* -53 £ 0.7
1.4 (£0.7) X 107 —13.8 + 0.8
1.3 (£1.4) x 10° —12.6 + 1.2
8.0 (+£3.0) x 10’ -13.7 £ 0.3
291 (+0.03) x 107 —142 + 0.6
2.3 (+1.8) x 107 —15.5 + 0.9

Table 2. Buffer-Independent Thermodynamic Values for Cu** and Cu’ Binding to Apo—Azurin at pH 7.0 and 25 °C

buffer n log Kyp AG® (kcal/mol) AHyp (keal/mol) —TAS (kcal/mol) AS (cal/(mol K))
Cu** bis-Tris 1.03 + 0.04 152 + 03 —20.8 + 0.4 0.8 +£ 0.4 —21.6 + 0.6 72 £2
TAPSO 1.04 + 0.08 159 +£ 0.4 —21.7 £ 0.5 2.8 +£2.0 —24.5 £ 2.1 827
DIPSO 1.00 149 + 04 —204 + 0.5 28 + 0.5 —-232 +0.7 78 £ 3
TES 1.00 15.6 + 0.4 -213 + 0.5 20+ 1.0 —233 + 1.1 78 + 4
average 154 4+ 0.2 —21.1 + 0.2 2+1 23 +1 78 + 3
Cu* HEPES 0.8 £0.1 17.1 £ 0.5 —234 + 0.7 —17.6 + 1.0 —58 + 12 20 £ 4
PIPES 0.8 £ 0.1 18.1 £ 0.6 —24.7 £ 0.9 —-172 £ 1.3 =75+ 1.6 25+ S
ACES 0.56 + 0.02 179 + 04 —24.5 + 0.6 —-16.3 £ 0.7 —82+ 09 273
TES 0.49 + 0.01 17.5 £ 0.4 -239 + 0.6 —-17.3 £ 0.8 —6.6 £ 1.0 22+3
TAPSO 0.5 £ 0.1 174 £ 0.5 —23.7 £ 0.7 —-181 + 1.1 -5.6 + 13 19+5
average 17.6 + 0.2 —24.0 + 0.3 -17 £ 1 -7+1 23 +2
this metal ion, all of which must be suppressed. This can be Time (min)
achieved by anaerobically delivering the Cu® from a well- 0 30 60 90 120 150 180
characterized complex with a ligand that stabilizes this metal T T T T T T
ion, and MesTrien (1,1,4,7,10,10—hexamethyltriethylenetetr— 0.00 - Uddddaaaaaanasaaaanagdy
amine) served this role here.”” Copper(I) binding to apo— 0.25 ] r ]
azurin was measured by ITC in five different buffers containing T ]
a ~50-fold excess of MegTrien at pH 7.0 and 25 °C, with o 050+ .
Figure 3 showing representative data for a Cu* — apo—azurin 2 075 ]
titration with both titrant and titrand in a 100 mM HEPES K . .
buffer solution. 2 -1:004 ]
The binding isotherm reflects the difference between the -1.25 4 i
affinity of the protein for Cu” and the stability of the Cu’— 150 ]
MegTrien complex. Average values from best fits of the ] —
experimental data to a one-site binding model are found in 0.00 4 i
Table 1. - . .
The binding stoichiometry with some buffers is close to the § -3.00 .
expected value of 1.0, but the value is lower and closer to 0.5 ﬁi 1 1
for other buffers. Values less than 1.0 indicate protein f '6'00__ ]
oxidation, or degradation, but the lower stoichiometry with ‘To 9004 i
certain buffers suggests a unique interaction with the Cu’— o] | 1
MegTrien complex and/or the protein. While data in two E 1200 =
piperizine-based buffers (HEPES, PIPES) give values close to § 1 1
1.0, data in three secondary amine buffers (ACES, TES, -15.00 4 5
TAPSO) have lower stoichiometries. However, ITC data are 00 05 10 15 20

normalized to the amount of titrant added, and all five buffers
give very similar condition-independent thermodynamic values
for Cu" binding to azurin.

Further analysis of the binding data again requires the
quantification of proton transfer to/from the buffer that is
coupled with Cu® binding to the protein. The experimental
binding enthalpies in the five buffers, along with values for the
buffer protonation enthalpies,”® were used in this analysis
(Figure S2), which shows that 0.3 & 0.1 protons are displaced
to the buffer upon Cu" binding to azurin at pH 7.0. This value

[CU™/[Azurin]

Figure 3. Representative ITC thermogram of 0.3 mM Cu'/16.5 mM
MegTrien titrated into 0.03 mM apo—azurin/16.5 mM MeTrien with
both solutions containing 100 mM HEPES buffer, 100 mM NaCl, and
pH 7.0; best fit values to a one-site binding model: n = 0.75 + 0.01,
Kire = 9.8 (£1.7) X 10%, AH;rc = —13.9 + 0.1 kcal mol ™.

was then used in a Hess’s Law analysis of the data in each
buffer to determine the buffer-independent enthalpy of Cu*

DOI: 10.1021/jacs.9b06836
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Figure 4. Thermodynamic cycles to determine the reduction free energy and reduction enthalpy of a metalloprotein with calorimetric
measurements of the oxidized and reduced metal ion binding to the protein.

binding to azurin (Table 2). The analysis includes the
protonation of MegTrien upon its release from the Cu* and
required a careful evaluation of the protonation state, stability,
and formation enthalpy of the MegTrien complex with Cu” at
pH 7.0 (Appendix B). The metal-binding enthalpies obtained
from data with each buffer are quite similar, indicating that
buffer contributions to the net binding enthalpy have been
removed.

To determine the Cu® binding constant and binding free
energy, the competition by Me,Trien for the Cu" at pH 7.0
was included in the data analysis (eq 4). Since Me¢Trien has
two higher pK,’s (9.19, 8.38), this involves proton competition
with Cu for this ligand, which is included in the analysis. The
condition-independent binding constants obtained from data
with each of the buffers are similar (Table 2), indicating a
consistent analysis of the experimental data under different
conditions. These results reveal that Cu® binds to azurin with
log K = 17.6 = 02 (Kp = 2 + 1 aM) and thermodynamic
values of AG®' = —24.0 + 0.3 kcal/mol, AH®" = =17 + 1 kcal/
mol, and AS®" =23 + 2 cal/mol-K (—=TAS®" = -7 + 1 kcal/
mol at 298 K) at pH 7.0.

Thermodynamics of Azurin Reduction. With thermo-
dynamic values for Cu?* and Cu* binding to apo—azurin, it is
now possible to determine the change in free energy (AG®’ )
and the change in enthalpy (AH®'p.) for azurin reduction
from thermodynamic cycles (Figure 4).

Using the above values from the analysis of ITC data and the
thermodynamic values for the reduction of Cu2+aq to Cu’,
(AG®'ger = —3.5 kcal/mol, from E°' = 150 mV vs NHE, and
AH® g = =3.0 + 0.1 kcal/mol, from the difference between
the formation enthalpies of Cu’**,; and Cu*aq),28 we calculate
AG® g = —6.4 + 0.4 kcal/mol and AH® o = =22 + 1 keal/
mol. This reduction free energy corresponds to a reduction
potential of 279 + 16 mV vs NHE. While this value is
somewhat lower than other reported azurin reduction
potentials, it is consistent with the value reported for azurin
samples obtained from the expression vector used in this study,
265 + 19 mV vs NHE.” The change in entropy for the
reduction of azurin can be determined from the change in free
energy and enthalpy for azurin reduction (AS®'p = =52 + §
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keal/mol-K) or from a thermodynamic cycle for the change in
entropy (AS®'por = —53 kcal/mol-K).

Cu?* and Cu* Binding to the F114P Variant and lIts
Reduction Thermodynamics. Following the procedures and
analysis outlined above for wild-type azurin, ITC measure-
ments were obtained for Cu** and Cu’ (stabilized by
MegTrien) binding to the apo F114P azurin variant in two
different buffers at pH 7.0 (Figure S3). These data provide
average experimental values (Table S1) that were used to
determine the Cu®* and Cu* binding thermodynamics (Table
§2) for comparison to the binding thermodynamics of the
wild-type protein (Table 3).

Table 3. Difference in the Metal Binding Thermodynamics
between Wild-Type and F114P Azurin at pH 7.0 and 25 °C

AAG®’ AAH®’ AAS’ —TAAS®’
(kcal/mol) (kcal/mol) (cal/(mol K)) (kcal/mol)

Cu®*  —-03+04 -11+1 -38+5 113 £ 1.5
Cu* 24405 4+1 S+5S§ -1.5+ 1§

As above, these values were used in thermodynamic cycles to
determine the reduction thermodynamics of this variant, which
has a reduction potential (E°” = 171 + 7 mV vs NHE)*” that is
~100 mV lower than that of the wild-type protein. Table 4
compares the reduction thermodynamics of wild-type and
F114P azurin.

B DISCUSSION

The essential metal ion(s) of metalloproteins and metal-
loenzymes are typically bound with high affinity, which is
particularly important for redox metalloproteins, such as those
with the blue copper or type 1 copper site, where both
oxidation states of the metal need to be bound tightly. We have
used ITC measurements of the well-studied protein azurin
from Pseudomonas aeruginosa and a detailed analysis of the
calorimetry data to (a) obtain new insight into Cu** and Cu®
bonding at the blue copper site, (b) reveal how the reduction
potential is determined by the thermodynamics of each metal
oxidation state bound to the protein, and (c) quantify the
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Table 4. Thermodynamic Values for the Reduction of Wild-Type and F114P Azurin at pH 7.0 and 25 °C Obtained with ITC

Data and Thermodynamic Cycles

azurin AH® o (kcal/mol) AS°’ po(cal/(mol K)) AG®' o (keal/mol) E° (mV) E° from electrochemical methods (mV)
WT -2+ 1 -52+5 —64 + 04 279 + 16 ~310%"

265 + 19°
F114P -7+1 —11+ S5 —-3.7+ 0.5 162 + 22 171 + 7°

“Ref 17. PRef 47. “Ref 29.

proton transfer that is coupled to the electron transfer of
reduction.

Thermodynamics of Copper Binding to Azurin.
1. Earlier Results. Azurin and other blue copper proteins are
known to bind Cu?" tightly, requiring ligands with high copper
affinity for removal. An earlier study used ITC measurements
to estimate the binding thermodynamics and found a biphasic
heat flow with each injection, indicating a two-step binding
mechanism.'® The buffer for these measurements was
cholamine chloride ([H,NCH,CH,N(CH,),]Cl), which was
expected to have minimal interaction with the Cu* ions due to
its positively charged quaternary amine. Further, the measure-
ments involved titrating apo—azurin into a dilute Cu®" solution
to ensure solubility of the metal ion. We are able to reproduce
the published data, including the biphasic injections, by
carefully following the reported experimental conditions
(Figure S4). In addition, we have investigated cholamine
buffer and found that it has a significant and complex
interaction with Cu?*, possibly involving hydroxo species.*’
Since the earlier ITC data could only provide a lower limit for
the binding constant, the free energy of Cu® binding to azurin
was estimated from contributions to the binding entropy
(desolvation, conformation, cratic) and the experimental
binding enthalpy, which gave a reported azurin affinity for
Cu® of log K = 13.6 (Kp = 25 fM) and Cu** binding
thermodynamics of AG®" = —18.8 kcal/mol, AH®" = —10.2 +
1.6 kcal/mol, and AS®’ = 29 cal/mol-K (—TAS®’ = —8.6 kcal/
mol at 298 K).'

A subsequent study used spectrophotometric measurements
of the competition between cyclam (1,4,8,11-tetraazacyclote-
tradecane) and azurin for Cu®* and reported an exceptionally
high Cu** affinity of log K = 24 (AG®’ = —32.8 £+ 1.9 kcal/
mol),”" which was compared to a calculated binding free
energy of AG®" = —32.7 + 0.7 kcal/mol.”> These values are
not consistent with other reported values, including the one
determined here.

The affinity of azurin for Cu* has been reported to be log K
= 16.5 (Kp = 30 aM), based on its reported affinity for Cu**
from the earlier ITC measurements (log K = 13.6)'° and a
thermodynamic cycle that included the reduction potentials of
azurin (320 mV vs NHE) and the aqueous cupric ion (150 mV
vs NHE).”> Based on these two potentials, the affinity of azurin
for Cu" must be about 3 orders of magnitude higher than its
affinity for Cu®’, as we have found with ITC measurements of
each metal ion binding to the protein.

A recent study used equilibrium competition and
spectrophotometric measurements to determine the Cu®
afinities of several copper trafficking and Cu-requiring proteins
from the cyanobacterium Synechocystis and reported the affinity
of its blue copper protein plastocyanin (Pc) for both Cu* and
Cu?* at pH 7.0.** The value for Cu®* (log K = 14.7) was
determined by competition with the amino acid His, which
forms the Cu"(His), complex, and the value for Cu* (log K =
17.4) was determined by competition with bathocuproine

disulfonate (BCS), which forms the Cu'(BCS),™® complex.
These affinities are very similar to those determined here for
azurin from ITC measurements. It was reported, however, that
several hours were required to reach equilibrium for both Cu**
and Cu" binding to Pc. We, and the previous ITC study,lé find
that azurin binds these metal ions fast enough for the enthalpy
measurements to reach equilibrium after each injection. Rapid
stirring in the titration calorimeter clearly accelerates the
binding. Further, Cu" exchange between the less stable 1:1
MegTrien complex (log K = 13.6 + 0.4) and azurin may be
faster than Cu" equilibration between the more stable 1:2 BCS
complex (log 8, = 19.4) and Pc. For Cu**, Pc competition with
the chelating His amino acid is expected to be slower than
azurin competition with the monodentate amine buffers.
Finally, different axial bonding in the Pc and azurin sites
may contribute to different kinetics of metal binding.

2. Our Results. Our approach to quantifying the
thermodynamics of Cu®* and Cu’ binding to azurin include
ITC measurements of metal ion titrations into apo—azurin in
several buffers. This is followed with a post hoc analysis that
subtracts the known interaction of the metal ion with the
buffer or Cu'-stabilizing ligand, which competes with the
protein, and accounts for the contributions of proton
displacement upon metal binding.*®

The number of protons that is displaced from a protein
upon metal binding can be determined from an analysis of ITC
data collected in multiple buffers and is found here to be 1.5 +
0.3 for Cu** and 0.6 + 0.1 for Cu* (0.3 + 0.1 to the buffer and
0.28 + 0.04 to the MeyTrien that releases the Cu*) binding to
azurin at pH 7.0. Since pK, values have been determined for
the three metal-binding residues (>8.2 for Cys112; 7.6 + 0.1
for His117; <S.0 for His46) in apo—azurin and for two other
key residues, His35 and His83, in the oxidized (Cu?*), reduced
(Cu"), and apo protein,””** their protonation states are known
at pH 7.0 (Table S3). This allows a proton inventory to predict
that 1.74 + 0.15 and 1.21 + 0.1S protons should be displaced
when Cu”* and Cu* bind to azurin, respectively. The predicted
number for Cu®* is within error of our experimental value, but
the predicted number for Cu® is higher than the value
determined from ITC measurements. While this could reflect
one or more discrepancies in the reported pK, values used for
the proton inventory, computational results on the electrostatic
properties of azurin suggest a number of small shifts in the
pK.’s of additional residues between the apo, reduced, and
oxidized forms that are not included in the proton inventory.*
Our experimentally determined values quantify the net proton
displacement from all residues in the protein upon Cu®* and
Cu* binding.

a. Cu?* Binding. In contrast to the biphasic Cu®* binding
reported earlier for titrations of apo—azurin into Cu®*, the
injection peaks for titrations of Cu*" into apo—azurin indicate a
single binding step under these conditions. The affinity of
azurin for Cu** determined from our data is 2 orders of
magnitude higher than reported previously,'® with binding
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thermodynamics that are significantly different and unex-
pected. Although the coordination involves two His imidazoles
that form strong bonds with Cu** and significantly covalent
bonding with the Cys thiolate,”” the net binding enthalpy is
weakly endothermic (AH®' = 2 + 1 kcal/mol).

Contributions to the Cu?* binding enthalpy can be
considered in a simple Hess’s Law analysis (Scheme 1),
which assumes that Cu** bonds to the protein residues, relative
to the aqua ligands of Cu“(aq), are the major contribution to
the binding enthalpy.

Scheme 1. Hess’s Law Analysis of the Enthalpy of Cu®*
Binding to Azurin

Cu® (aq) + Azurin 2 Cu>"Azurin + 1.5 (+ 0.3) H* AH®* =2 + 1 keal/mol

Cysl12H 2 Cys112"+ H* AH\ = +8.5 kcal/mol
His117H" 080 € His117 + 0.80 H"
His83H*0.70 + 0.06 H" € His83H"0.76
Cu®(aq) + His46 2 Cu®'His46

Cu*'(aq) + His117 @ Cu*'His117

Cu**(aq) + Cys112° 2 Cu?*Cys112°

Cu?*ag) + Met121/C=0 2 Cu*"Met121/C=0

AH> = 0.80 x (+8.7 kcal/mol)
AH3=0.06 x (-8.7 kcal/mol)
AH3 = -4.0 kcal/mol

AHs = -4.0 kcal/mol

AHs = ? kcal/mol

AH7 = ? kcal/mol

An estimate for the enthalpy of Cu** bonding to a His
imidazole (—4 kcal/mol) is based on previous calorimetric
measurements of Cu®* binding to amino acids (~—4.5 kcal/
mol from comparison of the CuL, formation enthalpies, where
L = His, Gly, Ala),”® a tetra-His peptide (—2.5 kcal/mol),” a
series of His — Ala variants of amyloid beta peptides (—2.5 to
—5.0 keal/mol),*” and the three His residues in the active site
of carbonic anhydrase (—5.8 kcal/mol, although this does not
account for enthalpic contributions from accompanying Cu*'—
hydroxo bonding)."' The enthalpic penalty to deprotonate
Cys112 and the 80% protonated His117 at pH 7.0 is included
in the analysis, as is the small (0.5 kcal/mol) contribution due
to partial protonation of His83 from a small shift in its pK,
upon Cu?* binding. The long axial bonding® to the thioether of
Met121 (3.1 A) and the backbone carbonyl of Gly45 (3.0 A) is
noted in the scheme but not included in the analysis because
these bonding interactions have been estimated to be a fraction
of that of a typical Cu®* coordination bond.*” Since an estimate
for the Cu®*—thiolate bond enthalpy is not available,
particularly for one as unique as the Cu**—Cys bond in azurin
and other blue copper (type 1) sites, we use this analysis to
estimate the enthalpy of this well-characterized bonding
interaction.”” This leads to an estimate of ~—5 + 2 kcal/
mol for the Cu**—Cys112 thiolate bond enthalpy, which is
unremarkable for such a short (2.25 A) and covalent bond.
This value is not dissimilar from that of a typical Zn**—thiolate
bond enthalpy,43 as predicted by the Irving—Williams series.™

The binding of Cu®* to azurin is due to an extremely
favorable net binding entropy (—TAS®" = —23 + 1 kcal/mol at
298 K) from desolvation of the Cu®* ion and the active site and
loss of ~1.5 protons from protein residues. This value reflects
the lack of a conformational entropic penalty for binding to a
protein site that is structurally very similar in its apo- and Cu**-
bound forms (Figure 1). The earlier ITC study of Cu®**
binding to azurin estimated the entropy of binding with an
analysis that included desolvation of the Cu®', change in
protein conformation (assumed negligible), and the cratic
entropy (2 particles — 1 particle).'® This theoretical analysis

gave an estimated value of AS® = 29 cal/mol-K, which is
considerably smaller than the AS®" = 78 =+ 3 cal/mol'K
determined experimentally here. Additional contributions to
the binding entropy that would increase the estimated value
are loss of a water molecule from approximately half of the apo
sites'* (~4.25 cal/mol-K) and explicit consideration of the loss
of 1.5 + 0.3 protons and their contribution to the cratic
entropy (2 particles — 2.5 + 0.3 particles), which would now
be positive. Measurements of AC,°’ for Cu** binding to azurin
would provide additional insight into solvation contributions
to the binding entropy.

b. Cu* Binding. This is the first direct experimental
quantification of the thermodynamics of Cu* binding to a
protein. We find that azurin binds Cu* with a very favorable
binding enthalpy (AH®' = —17 + 1 kcal/mol) and a modestly
favorable binding entropy (—TAS®’ = —7 + 1 kcal/mol at 298
K). Relative to the entropically driven binding of Cu*’, this is
due to (a) coordination at a hydrophobic protein site that
imposes a coordination geometry more commonly found with
the d'° Cu* ion, (b) displacement of fewer net protons, which
results in a smaller enthalpic penalty but a smaller entropic
benefit, from an increase in the pK, of His83 (ApK, = 0.36 +
0.02) and especially His35 (ApK, = 0.8 + 0.2) upon Cu*
binding (Table S3), and (c) smaller desolvation of the
monopositive Cu* than the dipositive Cu**, which reduces the
enthalpic penalty (Cu™, AH,,q = 507 keal/mol; Cu', AH g4
= 140 kcal/mol) but also reduces the entropic benefit (Cu*,
ASgenya = 81 cal/mol'K; Cu’, ASyq,q = 39 cal/mol-K).*

As with Cu®', a simple Hess's Law analysis (Scheme 2),
which assumes that Cu® bonds to the protein residues, relative
to the aqua ligands of Cu"(,g), are the major contribution to the
binding enthalpy, provides additional insight.

Scheme 2. Hess’s Law Analysis of the Enthalpy of Cu*
Binding to Azurin

Cu’aq) + Azurin g Cu*Azurin + 0.6 (£ 0.1) H* AH®* =-17 £ 1 kcal/mol

Cysl12H @ Cys112 + H*
His117H"080 € His117 +0.80 H*
His83H"0.70 + 0.14 H" 2 His83H 084
His35H"024 + 0.45 H* 2 His35H" 0.6

AH\ = +8.5 kcal/mol

AH> = 0.80 x (+8.7 kcal/mol)
AH3 =0.14 x (-8.7 kcal/mol)
AHs=0.45 x (-8.7 kcal/mol)

Cu'(ug) + Azurin site € Cu*Azurin site AHs = ? keal/mol

Unfortunately, neither Cu*—His(imidazole) nor Cu*—Cys-
(thiolate) bond enthalpies have been reported. However,
accounting for contributions from the protonation enthalpies
of key residues and the known 1.2 displaced protons allows the
overall bonding enthalpy of Cu' at the azurin site to be
estimated at —27 kcal/mol. A similar estimate that uses the
experimentally determined loss of only 0.6 + 0.1 protons upon
Cu" binding would include additional protonation enthalpies
and reduce this value somewhat. However, either value is
considerably more favorable than the —13 kcal/mol overall
bonding enthalpy of Cu’* at the azurin site from Scheme 1.
Thus, this analysis quantifies the significantly more favorable
ovelféll bonding enthalpy of Cu* than Cu?* at the blue copper
site.

Reduction Thermodynamics from Calorimetric Meas-
urements. Metalloproteins, such as those containing a blue
copper site, have an intrinsic reduction potential that is set by
the metal coordination to the protein (Ist sphere) and the
environment of the metal site (2nd sphere) to provide the
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Table S. Reduction Thermodynamic Values for Azurin at 25 °C and pH 7.0

AH,. (kcal/mol) AG°,. (kcal/mol) E° (mV)
—16.6 + 0.4 =71+ 0.1 308 + 2
—164 + 0.5 =7.1 307
—15.4 + 0.6 —6.7 + 0.1 292 + 2
—22.0 + 1.4 —6.4 + 0.4 279 + 16

“5H 8.0.

AS,. (cal/(mol K)) method reference
=317 £ 12 spectroelectro-chemistry 17
—=31.1 £2.0 Ccv 47
—29.0 £ 0.2 spectroelectro-chemistry 50¢

-52+5 ITC this work

driving force (AG®’g) for electron transfer. The reduction
free energy originates from the enthalpic (AH®'p) and
entropic (AS®g/) contributions (eq 6)

AG® o = —nFE® = AH® ;o — TAS® j. (6)

but the connection between these thermodynamic components
and the properties of the protein is not well understood. The
initial and final states of electron transfer to the protein include
the metal cofactor in its oxidized and reduced states,
respectively, which have different coordination thermodynam-
ics at the protein site due to a different electronic configuration
and charge. Further, the electrostatic changes that accompany
electron transfer typically result in a coupled proton transfer,
which contributes to the overall thermodynamics of reduction.

The reduction thermodynamics can be determined from the
temperature dependence of the reduction potential and
analysis with the Gibbs—Helmholtz relationship. Values for
Pseudomonas aeruginosa azurin and other metalloproteins were
initially reported by Gray, Anson, and co-workers, who used
spectroelectrochemical measurements with an optically trans-
parent thin-layer electrochemical (OTTLE) cell and outlined
the assumptions that connect the experimental AS®’ . value to
a standard state AS®’ value.'” Subsequently, Sola and co-
workers confirmed and extended these results with cyclic
voltammetry (CV) electrochemical measurements on a
number of blue copper proteins.”” These methods require
the assumption that AS®’, . and AH®',. are constant over the
experimental temperature range, but this can be a tenuous
assumption for proteins in aqueous solution, where binding is
typically associated with a significant change in the heat
capacity.48’49 Direct calorimetric measurements at a single
temperature eliminate the need for these assumptions.

In this study, we have used ITC to quantify the
thermodynamics of both Cu** and Cu" binding to azurin,
which were then used in thermodynamic cycles to determine
the reduction thermodynamics of the metalloprotein. These
results are comparable to those obtained from temperature-
dependent electrochemical measurements (Table 5), which
show that reduction is enthalpically favored with an
unfavorable change in entropy.'”*’

The former is generally attributed to electronic factors
associated with differences in bond enthalpies between the two
metal ions, while the latter is generally dominated by
differences in solvation between the oxidized and reduced
proteins.

The calorimetric method to determine metalloprotein
reduction thermodynamics, which was evaluated here and is
designated redox coordination thermodynamics (RCT), has
certain advantages and unique capabilities. First, thermody-
namic values are obtained at a single temperature and do not
require assumptions about their temperature independence.
This is one possible source of differences between values
obtained with temperature-dependent electrochemical meas-
urements and the calorimetric values (Table 5). Differences

between the ionic strength of the electrochemical and
calorimetry solutions may also contribute to these discrep-
ancies. Second, direct measurement of the binding thermody-
namics for each oxidation state of the metal provides
quantitative insight about contributions from the oxidized
and reduced forms to the reduction thermodynamics, as
discussed below for azurin. Third, the metal-binding data can
be used to quantify the proton transfer that is associated with
reduction of the metalloprotein, also discussed below for
azurin.

The binding thermodynamics of the oxidized and reduced
metal ion indicate key properties of the initial and final states
of metalloprotein reduction, which determines the change in
enthalpy and entropy for electron transfer. In the case of
azurin, Cu** binding to the protein is entirely due to favorable
entropic contributions with a small net enthalpic penalty, while
Cu” has a very favorable net binding enthalpy and is also
favored entropically. These metal-binding thermodynamics can
be correlated to the reduction of azurin, which has a favorable
change in enthalpy (AH®'p = =22 + 1 kcal/mol), due to the
large difference in binding enthalpy that favors Cu® over Cu*',
which overcomes a disfavorable change in entropy (—TAS® -
=15.5 + 1.5 keal/mol at 298 K) when the entropically favored
Cu’ is reduced to Cu'.

To determine the condition-independent change in enthalpy
from calorimetry measurements of a metal ion binding to a
protein, it is essential to quantify and account for any loss
(gain) of proton(s) to (from) the buffer that is coupled to
metal binding. The difference between these values for the two
metal oxidation states quantifies the difference in protonation
of the metalloprotein between its oxidized and reduced forms
and thus the proton transfer that accompanies the electron
transfer. Analysis of the ITC data reveals that 0.9 + 0.3 protons
bind to azurin upon its reduction at pH 7.0. Proton transfer
that accompanies reduction can also be determined from a
proton inventory based on the experimentally determined pK,
values of key residues in the oxidized and reduced protein,
when these values are known, as they are for azurin.””*> This
analysis predicts that 0.5 + 0.1 protons bind to azurin upon its
reduction. The value determined by ITC, however, includes
protonation and deprotonation contributions from all protein
residues and is consistent with the pH dependence of the
azurin reduction potential’>*>*' and computational results
that ~0.85 protons bind upon reduction at pH 7.0.*°

Protein Tuning of the Reduction Potential. The RCT
method validated here to quantify metalloprotein reduction
thermodynamics provides new insight about contributions
from the initial and final states of electron transfer and has the
potential to provide important insight about protein tuning of
the reduction potential in metalloenzymes, such as tyramine /-
monooxygenase’~ and polysaccharide monooxygenase.” As a
first step in the application of this method, preliminary ITC
data for Cu’* and Cu’ binding to the low-potential F114P

variant of azurin® have been obtained. Its reduction
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thermodynamics reveal that the lower potential is due to a
significant drop in the favorable reduction enthalpy and a
corresponding, but smaller, drop in the unfavorable reduction
entropy (Table 4). This reflects a partial enthalpy—entropy
compensation (EEC), as found with electrochemical measure-
ments on other azurin variants.”">>

The impact of this mutation on the Cu** and Cu* binding
thermodynamics (Table 3) reveals additional new insight. Loss
of one of the two hydrogen bonds to Cys112 in the F114P
variant leads to a more nucleophilic thiolate ligand that bonds
with greater covalency to the Cu?**° and a binding that is
found here to be 11 kcal/mol more exothermic than binding to
wild-type azurin. However, this is entirely canceled by a loss of
binding entropy, resulting in no change in the protein affinity
for Cu®*. The loss of entropy, relative to Cu** binding to wild-
type azurin, may be due to the stronger Cu**—thiolate bond in
the variant and a general rigidification of the active site, since
the remaining hydrogen bond to Cys112 becomes shorter and
stronger, as does the axial Metl21 bond to Cu?t>*
Alternatively, the unfavorable entropy for Cu** binding to
F114P, relative to wild-type azurin, may originate from loss of
the phenyl ring of Phell4. Four additional water molecules
occupy the resulting cavity, including one that is hydrogen-
bonded to the backbone carbonyl of Gly4S and only 5.6 A
from the Cu?*.>* Loss of the hydrogen bond to Cys112
increases the covalency of the sulfur—copper bonding, as
quantified by X-ray absorption measurements, and introduces
an electrostatic contribution that together are gredicted to
lower the reduction potential by ~250 mV.”° Since the
reduction potential decreases only ~100 mV, which corre-
sponds to the contribution from the increased covalency, it has
been suggested that the dipoles of these waters oppose and
cancel the electrostatic contribution.’® Therefore, the loss of
translational and rotational entropy of these nearby waters
upon Cu’* binding to F114P azurin may provide an entropic
penalty that cancels the more favorable enthalpy of Cu®**
binding to this variant.

Loss of the hydrogen bond to Cys112 in F114P does have a
net effect on the protein affinity for Cu”, resulting in a weaker
binding that is less exothermic by 4 kcal/mol and only partially
compensated by a more favorable binding entropy (—TAAS®’
= —1.5 kcal/mol at 298 K). Thus, the drop in the reduction
potential of F114P, relative to wild-type azurin, is due to a
decrease in the reduction enthalpy from both a less exothermic
Cu" binding and a more exothermic Cu®* binding. However, a
significant decrease in the Cu®*" binding entropy partially
cancels the enthalpic factors that lower the reduction potential
of this variant. The net result is that F114P binds Cu" less
tightly but Cu®* with the same overall affinity as wild-type
azurin. New molecular insight, such as this, is expected from
ITC measurements and analysis with the RCT method on
other azurin variants with lower and higher potentials®” and on
Cu-containing metalloenzymes currently in progress.
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