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ABSTRACT: We report the functional analysis of an artificial
hexacoordinate oxygen transport protein, HP7, which operates
via a mechanism similar to that of human neuroglobin and
cytoglobin: the destabilization of one of two heme-ligating
histidine residues. In the case of HP7, this is the result of the
coupling of histidine side chain ligation with the burial of three
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charged glutamate residues on the same helix. Here we compare gaseous ligand binding, including rates, affinities, and oxyferrous
state lifetimes, of both heme binding sites in HP7. We find that despite the identical sequence of helices in both binding sites,
there are differences in oxygen affinity and oxyferrous state lifetime that may be the result of differences in the freedom of motion
imposed by the candelabra fold on the two sites of the protein. We further examine the effect of mutational removal of the buried
glutamates on function. Heme iron in the ferrous state of this mutant is rapidly oxidized when exposed to oxygen. Compared to
that of HP7, the distal histidine affinity is increased by a 22-fold decrease in the histidine ligand off rate. Electron paramagnetic
resonance comparison of these ferric hemoproteins demonstrates that the mutation increases the level of disorder at the heme
binding site. Nuclear magnetic resonance-detected deuterium exchange demonstrates that the mutation greatly increases the
degree of penetration of water into the protein core. The inability of the mutant protein to bind oxygen may be due to an
increased level of water penetration, the large decrease in binding rate caused by the increase in distal histidine affinity, or a
combination of the two factors. Together, these data underline the importance of the control of protein dynamics in the design of

functional artificial proteins.

he first step in oxygen activation and/or transport by heme

proteins is the binding of molecular oxygen to the ferrous
heme iron while avoiding heme oxidation. It is critical to
understand the underlying engineering parameters necessary for
this process to design artificial oxygen-utilizing heme proteins.
Moreover, many enzymes that utilize molecular oxygen as a
substrate contain a number of redox active cofactors in addition
to the active site heme. For example, the heme cofactors in
cytochrome ¢ oxidase serve to transport electrons into the O,-
utilizing heme A-containing active site." Thus, it will further be
necessary in the future design of more complex artificial catalysts
to be able to restrict the binding of the gaseous ligand to those
sites where catalysis is intended.

The family of hexacoordinate hemoglobins consists of oxygen-
activating enzymes characterized by the property that they are
bis-histidine-ligated in the oxidized state and exist in a mixed bis-
and monohistidine ligation state when reduced.” The transient
pentacoordination of the heme cofactor allows for the binding of
molecular oxygen. We have recently reported the design,
bacterial expression, and biochemical analysis of the completely
artificial hexacoordinate oxygen transport protein HP7.> This
protein consists of two heme cofactors bound to a homodimeric
four-a-helix bundle protein. Each monomer is in a helix—loop—
helix configuration, and the two monomers bind to each other via
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hydrophobic sequestration with the monomer loops on the same
end of the protein and attached to each other via a disulfide bond,
a topology we have termed the “candelabra motif”* (see Figure
1).

The heme cofactors bind to parallel helices via histidine ligand
residues at position 7 of each helix, one at the site farthest from
the loops (the “open” end) and one at the site closest to the loops
(the “loop” end).” One of each pair of identical helices that bind a
heme cofactor is oriented such that three polar glutamic acid
residues must rotate into the hydrophobic core of the protein
when the histidine is hgated to the heme iron. This strained,

“entatic” conformation® relaxes via the detachment of the distal
histidine followed by rotation of the helix to move the glutamate
side chains into solution, opening a ligation site on the heme iron
to bind a gaseous ligand (Figure 1B—D).

The HP7 apoprotein binds two hemes sequentially, the first at
the open end of the protein and the second near the loops.* Our
initial experiments were performed with a single heme bound to
HP7 at the open end binding site. We then simplified the protein
by removing the open end heme binding site, creating the
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GEIWKQHEDALQKFEEALNQFEDLKQLGGSGCGSGGEIWKQHEDALOQKFEEALNQFEDLKQL

HP7-H7F

GEIWKQFEDALOQKFEEALNQFEDLKQLGGSGCGSGGEIWKQHEDALOQKFEEALNQFEDLKQL

CC9-H7F

GEIWKQFEDALQKFEEALNQFEDLKQLGGSGCGSGGEIWKQHADALOQKFAEALNQFADLKQL

Figure 1. Structure, sequence, and mechanism of HP7 and its mutants. (A) All three proteins are homodimers in a candelabra configuration in which the
helix—loop—helix monomers are connected by a disulfide bond in the loop region. The open end binding site is defined as the end farthest from the
loops, and the loop end binding is that closest. (B—D) Mechanism of gaseous ligand biding. State B is the entatic state. (E) Sequences of HP7, distal
heme binding site knockout mutant HP7-H7F, and entatic state stabilizing mutant CC9-H7F. Helices are underlined, and the b-position residues

mutated in the transition from HP7 to CC9 are colored red.

homodimeric protein HP7-H7F that contains a smgle
hexacoordinate binding site in the loop end of the bundle.®
Then, to examine the effects of changes in distal histidine ligand
association energy on the overall heme binding affinity, we
mutated the three buried glutamate residues on the ligating helix
to alanine. This was found to slow the histidine ligand off rate 22-
fold, increase the affinity of the distal histidine ligand by a factor
of 13, and increase the bound cofactor reduction potential by 65
mV. However, it also decreased the heme binding affinity by
factors of S in the reduced state and 60 in the oxidized state. This
was thought to be caused by the homodimeric nature of the
candelabra fold: mutations to the set of glutamates on the distal
histidine helix responsible for the entatic state are also necessarily
present in the proximal, nonrotating helix. The loss of these side
chains greatly weakens binding, as evinced by a 60-fold decrease
in the calculated ferrous heme binding constant with the
histidine-detached pentacoordinate state, in which distal
histidine ligation does not play a factor.

Here we compare gaseous ligand binding, including rates,
affinities, and oxyferrous state lifetimes, of both heme binding
sites in HP7. While the intrinsic pentacoordinate affinity of each
site for oxygen is identical, differences in the affinity of the distal
histidine ligand cause the apparent affinities to differ by a factor of
10. The oxyferrous state lifetime is similar despite these
differences, a result of an increased rate of oxidation at the
heme farthest from the connecting loops in the candelabra fold.
We further show that by substituting the three strain-inducing
glutamate residues we can effectively manipulate the thermody-
namics of the entatic state and modulate the affinity and kinetics
of the binding of carbon monoxide (CO), a nonreactive oxygen
analogue. Oxygen binds to HP7 but not the mutant, although we
cannot determine whether the inability of the mutant protein to
bind O, is a result of the greatly slowed rate of histidine ligand
detachment or an increased level of water penetration because of
the greater degree of disorder caused by the mutation.

B MATERIALS AND METHODS

Chemicals. Hemin was purchased from Fluka (Buchs,
Switzerland). Molecular oxygen (O,) (99.98% pure), carbon
monoxide (CO) (99.9%), and molecular nitrogen (N,)
(99.99%) gases were from Matheson Gas (Basking Ridge, NJ),
and the latter two were scrubbed of residual O, by being passed
through two bubblers filled with a reduced vanadium sulfate
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solution followed by another filled with water.” PD-10 desalting
columns were from GE Healthcare (Port Washington, NY). All
other solvents and reagents were from either Fisher Scientific or
Sigma.

General Biochemistry. Proteins HP7, HP7-H7F, and CC9-
H7F were expressed and purified and heme complexes formed as
described previously.”® Optical spectra were recorded with a
Hewlett-Packard (New York, NY) 8452A diode array
spectrophotometer running the Olis (Bogart, GA) Spectral-
Works software and equipped with a Quantum Northwest
(Liberty Lake, WA) Peltier temperature controller. All experi-
ments were performed at 20 °C in 250 mM boric acid and 100
mM KCl (pH 9.0) unless otherwise specified. Each kinetic
experiment was performed at least three times, and reported
errors are standard deviations from the mean.

Stopped-Flow Analysis of O, Binding. The kinetics of
binding of O, to ferrous protein—heme complexes were followed
spectroscopically in rapid stopped-flow mixing experiments over
gas concentrations from 2 to 50% saturation at 15 °C using a
Biologic (Lyon, France) SFM 300 stopped-flow mixer equipped
with either a Biologic MOS 200 absorbance detector for single-
wavelength detection or a custom-built Olis RSM 1000
spectrometer for multiwavelength detection. Air- or gas-
saturated buffer was mixed with degassed buffer in the first
mix, and then this mixture was combined in a second mix with an
anaerobic ferrous heme protein solution. Protein concentrations
were 20 yM, with 2 yM hemin added to ensure full complexation,
and ferrous complexes were prepared by carefully titrating
anaerobic solutions of the holoproteins with a slight excess of
sodium dithionite as observed by visible spectroscopy and then
anaerobically transferred to the stopped-flow loading syringe by
canula. Binding kinetic data were fit with eq 1, which assumes
that the O, binding rate, k, , is much greater than the sum of the

distal histidine association and dissociation rates:

k_tik.0,[0,]
kyw + koy + k+oz[oz]

kobs =

(1)

where kg, is the fitted single-exponential binding rate, k,y; and
k_y are the distal histidine—ferrous heme iron association and
dissociation rates, respectively, and k, o, is the O, association rate

constant. At high O, concentrations, kg, = k_g.
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Kinetic Analysis of O, Dissociation. The dissociation rate
of the O, complex was determined in rapid stopped-flow double-
mixing experiments using the CO displacement method.® Briefly,
the O, complex was formed as described above by mixing
reduced protein and O,-saturated buffer. After a delay of 100 ms
for complex formation, this mixture was mixed with a 2-fold
larger volume of CO-containing buffer. The rate of replacement
of O, by CO was collected using final CO concentrations ranging
from 200 to 600 M. At high CO concentrations, the observed
rate of replacement, ., is given by eq 2:

o /(1 . KkolO:] )
)

ol COJ
where k,co[CO] > k,(,[O,] and the observed replacement rate
constant is directly equal to the O, dissociation rate constant (r,

Rk_o)

Oxyferrous State Lifetimes. The lifetimes of O,-bound
terrous protein—heme complexes were followed spectroscopi-
cally in rapid stopped-flow mixing experiments using O,
concentrations from 16.67 to 66.67% saturation at 16 °C using
the stopped-flow apparatus described above. Protein concen-
trations were 10 uM with 1 yM hemin added to ensure full
complexation. Ferrous complexes were prepared by carefully
titrating anaerobic solutions with a slight excess of sodium
dithionite as observed by visible spectroscopy. Ferrous samples
were anaerobically transferred to the stopped-flow loading
syringe by canula. Kinetic data were fit with eq 3, which is derived
in the Supporting Information:

Tobs =

oxidation rate = kode[[P] + [0,] + K,

— J(P] + [0,] + K,)? — 4[P][0,] ]/2
3)

where [P] is the total protein concentration, [O,] is the total
dissolved O, concentration, Kj is the O, dissociation constant,
and k,, is the second-order rate constant for the oxidation of the
protein—heme complex by O, when the complex is not bound to
0,.

Kinetic Analysis of CO Dissociation. The dissociation rate
of the CO complex was determined using the ferricyanide
trapping method of Moffet et al.” Briefly, anaerobic solutions of
the carbonmonoxyferrous protein complex were mixed with
varying concentrations of potassium ferricyanide. The rates of
the linked reactions of CO dissociation followed by heme
oxidation by ferricyanide were followed by monitoring the
disappearance of the carbonmonoxyferrous Soret peak at 421
nm. Double-reciprocal plots of the oxidation rate versus the
concentration of ferricyanide extrapolated to infinite ferricyanide
give the inverse CO dissociation rate as given by eq 4:

1 _ kolCO]

1 1
k kogrck_co ( (EC] ) k_co 4)

where k,,gc is the rate constant for the oxidation of the CO-free
complex by ferricyanide.

Flash Photolysis Analysis of CO Association. The rate
constants for binding of both CO and histidine to the
pentacoordinate state were determined using laser flash
photolysis experiments performed as we have described
previously.® Briefly, a 1 ns pulse from a frequency-doubled
YAG laser excites the preformed carbonmonoxyferrous complex

449

at 532 nm, causing the detachment of the ligand CO. This
transiently forms an unliganded pentacoordinate heme protein,
and the rates of CO rebinding to the pentacoordinate state can be
determined by analyzing the multiexponential rebinding traces
taken as a function of CO concentration using the method of
Hargrove:10

%+ ¥ =k g+ kg + kco[CO] (5)
where 7, and y, are the fitted first and second CO-dependent
exponential rates, respectively, and the kinetic constants are
defined as in eq 1 with the exception that CO denotes CO
binding rate constants instead of O, binding rate constants.
Protein concentrations were 20—25 uM, and carbonmonoxyfer-
rous complexes were prepared by titrating solutions of the
holoproteins with an excess of dithionite as observed by visible
spectroscopy under an atmosphere containing 10—100% CO
mixed with argon. k,co is taken directly from the slope of the
replot of the sum of y; and y,.

Electron Paramagnetic Resonance (EPR) Spectrosco-
py. Low-temperature (7 K) EPR spectra were recorded on a
Bruker ES00 ElexSys EPR spectrometer operating at X-band
using an Oxford Spectrostat continuous flow cryostat and an
ITCS03 temperature controller. Data acquisition and manipu-
lation were performed using XeprView and WinEPR (Bruker).
EPR samples were prepared by pipetting approximately 200 uL
of 20.3 mM protein solution in 200 mM Tris-maleate buffer (pH
8.0) into 4 mm (3 mm inside diameter) precision bore quartz
EPR tubes followed by immersion freezing in liquid nitrogen.
The following experimental parameters were used: modulation
amplitude, 4 G; microwave power, 1 mW; modulation frequency,
100 kHz; microwave frequency, 9.39 GHz; scan rate, 14.9 G/s;
conversion time, 327 ms; time constant, 1310 ms. All spectra
were recorded under identical instrumental conditions.

Hydrogen—Deuterium Exchange. '*N-labeled holo- and
apoprotein samples of HP7-H7F and CC9-H7F in 25 mM
potassium phosphate buffer (pH 6.5) were passed through a PD-
10 solvent exchange column pre-equilibrated in 25 mM KD,PO,,
D,O buffer [pD 6.5 (pH meter reading + 0.4 pH unit)],
immediately placed in a S mm NMR tube, and equilibrated at 20
°C for 5 min in the sample compartment of the NMR
spectrometer. At this point, protein concentrations were
approximately 300 M. The fraction of remaining amide protons
was assessed as a function of time by collecting one-dimensional
HSQC, or isotope-selective, 'H spectra.

B RESULTS AND DISCUSSION

Protein Design. HP7 complexed with one heme per
homodimer has the open end binding site occupied.* The
HP7-H7F mutation eliminates the open end binding site but
preserves the heme binding site nearest the loops. This permits
the analysis and comparison of the gaseous ligand binding
properties of the two sites in the absence of complicating
cooperative effects caused by interactions between the two
hemes and the conformational effects, including helical rotation,
caused by their binding. The CC9-H7F mutant has the three b-
position glutamate residues on the histidine ligand helices of
HP7-H7F mutated to alanine. This allows the analysis of gaseous
ligand binding in the absence of a high-energy entatic state.

Comparison of the Two Heme Sites in HP7. We have
previously determined the on rate, off rate, and association
constants for the distal histidine ligands of both sites in HP7 (see
Table 1).>° All four helices of HP7 have identical sequences and
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Table 1. Heme Iron Ligand On and Off Rates and Equilibrium Constants at Each Site

heme protein location ko,on (MM s71) ko, o (57 Ky0, pen (WM)  Kyo, sctual (UM) Kiison (57 s off (57 K pis
HP7-H7F loop end 1200 + 200° 4.8 +0.4° 3.9 +09% 120 + 50° 160 + 20° 56+03" 29+ 5°
HP7 open end 1500 + 100° 1.3 +02° 09 + 0.2° 17 + 4% 310¢ 17¢ 18¢
“From this work. “From ref 6. “From ref 3.
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8
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$ 16
knh - 6 (0] 6 6 = z
2 Q0 Q é &
7] -1 4 ~
8 @
g 10 4 -

HP7 — 2

l ! @ o —0 & ¢ —
HP7THTF i
-0
0 | | ! | ! | | ! | l
0 0.2 04 0.6 0.2 04 0.6
[02] (mM) [CO] (mM)

Figure 2. Comparison of the on and off rates for binding of molecular oxygen to both heme binding sites in HP7. (A) On rates as a function of oxygen
concentration. Reduced protein—heme complex (20 uM), prepared by careful titration with a slight excess of dithionite, was mixed with oxygen in a
stopped-flow apparatus, and the rate of oxyferrous state formation was followed spectroscopically. Lines shown are fits to the data with eq 1. (B) Off rates
as a function of carbon monoxide concentration. Lines are the average rates of oxygen displacement.

helical secondary structure as detected by NMR,* which suggests
that the functional characteristics of the two sites should be
likewise identical. When a single heme is bound at the open end
binding site, however, the distal histidine on rate is 2-fold faster
and the off rate is 3-fold faster, resulting in a 2-fold higher ligand
association constant as compared to that of a single heme at the
loop end site. We postulate that this might be a result of an
increased level of conformational freedom at the open end of the
homodimer.

Rates of O, Binding. We first compared the oxygen
transport capability of the two different sites in HP7. Figure 2A
depicts the O, dependence of the on rate for molecular oxygen at
each site. As eq 1 predicts, at higher O, concentrations, binding is
rate-limited by the off rate of the histidine ligand, and ko, is

derived from the initial slope. O, binds 2-fold faster at high O,
concentrations, and the pentacoordinate O, binding rate is also
faster when a single heme is bound at the open end of the protein,
consistent with the more rapid distal histidine exchange rates at
the open end that were observed earlier.

Rates of O, Release. In our initial experiments,® we
measured the rate of replacement of CO by O, by cooling
protein solutions containing 15% glycerol to low (—15 to 0 °C)
temperatures in a cuvette and then sequentially bubbling the
solutions with O, and then CO. Rates of gaseous ligand exchange
were followed spectroscopically as a function of temperature, and
the room-temperature rate was predicted by extrapolating to 16
°C. Figure 2B depicts the results of double-mixing experiments
performed at 16 °C that directly determine the off rate of oxygen
at this temperature. The reduced protein was first mixed with
oxygen, and then after a 100 ms delay for oxyferrous heme
formation, the complex was mixed with different concentrations
of CO and the rate of CO complex formation followed
spectroscopically. Because k,co is much larger than ko,

exchange rates are independent of CO concentration in the
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range over which the experiments were performed, with the open
end heme having an O, off rate more than 3-fold higher than that
of the loop end (see Figure 2B and Table 1). The rate we observe
for the release of O, from the open end heme is 12-fold faster
than that reported previously. This is likely due either to
nonlinear behavior in the temperature range between 0 and 16
°C or an effect of glycerol on the properties of the protein
complex.

Furthermore, the off rate is 3-fold slower from the open end
binding site. This is again consistent with the increased flexibility
at the open end, as the structural rearrangements involving
binding, including possible hydrogen bonding between the
bound oxygen and the detached distal histidine,"" should be
eased in a less conformationally restrictive environment.

Oxygen Affinity of the Two Sites. The affinities of oxygen
for the pentacoordinate state at each site, calculated by taking the
ratio of the experimentally determined on and off rates, are listed
in Table 1. The pentacoordinate binding affinity is 4-fold greater
at the open site. The true binding constant for binding of O, to a
hexacoordinate hemoglobin, which takes into account interfer-
ence from the hexacoordinate state, is given by the relation'>

(6)

As the distal histidine association constant is almost 2-fold higher
for the loop end binding site, this results in an almost 10-fold
increase in the affinity at the open end binding site.
Oxyferrous State Lifetimes. A critical facet of oxygen
transport protein function is the lifetime, once formed, of the
oxyferrous state. When bound to oxygen, the ferrous heme has a
reduction potential too high for the heme to be oxidized by a
second molecule of oxygen."> After the oxygen dissociates,
however, the ferrous heme is subject to oxidation in both the
hexa- and pentacoordinate ligation states. Two parameters
therefore affect the oxyferrous state lifetime: the oxygen

kgo, = ka0, pent(l + Kypi)
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dissociation constant and the oxidation rate of the ferrous heme
when it is not bound to oxygen (see eq 3). Another possible
oxidation mechanism is the direct dissociation of superoxide.'*
This mechanism results in an oxidation rate identical to that of eq
3, but rate constant k, is a dissociation rate constant instead of an
outer-sphere oxidation rate. Therefore, the term k,, encompasses
rate constants from both mechanisms.

The rate of oxidation of the oxyferrous state collected as a
function of the solution oxygen concentration at each heme
binding site is depicted in Figure 3, and Table 2 lists the values

A
02 —
01
HP7H7F
g 0
B
02 —

0.1

0 O 1 | 1 |

0 0.4 0.8

[0,] (mM)

Figure 3. Rates of oxyferrous state breakdown at both heme binding
sites in HP7. Reduced protein—heme complex (20 uM), prepared by
careful titration with a slight excess of dithionite, was mixed with oxygen
in a stopped-flow apparatus and the rate of protein oxidation followed
spectroscopically. Lines drawn are fits with eq 3. (A) Oxygen
concentration dependence of the loop end site in HP7-H7F. (B)
Oxygen concentration dependence of the open end site in HP7 with one
heme bound.

derived from this data. Fitted dissociation constants agree well
with those determined using the ratio of on and off rates (Table
1). The open end heme site has an oxidation rate almost 2 times
that of the loop end site. This again correlates with increased
dynamics at the open end, as oxyferrous lifetimes are negatively
affected by the penetration of water into the heme binding site,
and donation of a proton to molecular oxygen lowers the energy

of electron transfer.'' Despite this, the oxyferrous half-life is
significantly longer because of the higher affinity of the O,
complex at the open end heme binding site.

Effects of the Triple Glutamate Placement. We have
previously shown that replacement of the three b-position
glutamate residues on the distal histidine-containing helix of
HP7-H7F with alanine increases the affinity of the distal histidine
ligand while slowing the histidine on and off rates.® When ferrous
CC9-H7F was mixed with oxygen, either using a stopped-flow
apparatus at temperatures from 2 to 20 °C or in glycerol-
containing solutions at —15 °C, the protein rapidly oxidizes with
no detectable oxyferrous state formation (not shown). This
result is similar to what we observed in our earlier report where all
six b-position glutamates were removed.® The targeted nature of
this more limited set of mutations, however, allows us to ascribe
this loss of function to this subset of three glutamates.

We then set out to determine whether this failure to bind O, in
a stable complex is due to differences in gaseous ligand binding
by examining the interaction between these two proteins and the
nonreactive O, analogue CO. While determining the distal
histidine ligand off rate, we previously showed that CO binds to
both proteins, but 22-fold slower to CC9-H7F than HP7-H7F at
high CO concentrations (see Table 3 and Figure 4).°

Rates of CO Release. Figure 2B depicts the ferricyanide
trapping analysis of CO release in the two proteins. Off rates
differ by a factor of 3 (Table 3), which is unsurprising as the CO-
bound state already has the distal histidine detached and is thus
unaffected by the stability of the entatic state or the kinetics of
histidine release. The slopes of the replots, which are indicative of
the rates of electron transfer between the unbound state and
ferricyanide,” indicate that this oxidation is faster, perhaps as a
result of the higher reduction potential of the heme bound to
CC9-H7F.

CO Flash Photolysis Determination of ko pent- We have
previously reported the rebinding kinetics, after laser flash
photolysis, of the distal histidine in HP7-H7F and CC9-H7E.® In
CC9-H7F, HP7-H7F, and our original analysis of HP7,? a fast
exponential process that is independent of the concentration of
CO is observed. Similar behavior has been observed in mouse
neuroglobin and was ascribed to a relaxation process following a
probable rearrangement caused by the change in heme iron
planarity induced by detachment of the CO ligand.'>'® In each
case, two slower exponential processes, each of which varies in
rate and magnitude with CO concentration, were also observed.
Figure 2A depicts the replots of the sum of these two processes
for HP7-H7F and CC9-H7F. Equation 2 states that k,co pens the
rate of binding of CO to the pentacoordinate state, can be
derived from the slopes of these replots.

CO Affinity. Rates of binding of CO to the pentacoordinate
complex of the two proteins differ only by 30%. This coupled
with the CO release rate allows the calculation of the affinities of
CO for the pentacoordinate states of both proteins: HP7-H7F
has a Ky of 300 nM, and CC9-H7F has a K4 of 80 nM. As was true
for O, binding, the true binding constant for binding of CO to

Table 2. Heme—Histidine Oxygen Binding Lifetimes

protein ligation Ry (s7)
HP7 open end 0.15 +0.01
HP7H7F loop end 0.19 + 0.01

“Oxyferrous state halflife in air (21% O,).
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Kd,oz (mM) kox (S_l mM_z) ti, (S)a
0.037 + 0.007 2300 + 90 542 +£0.04
0.15 = 0.03 1300 + SO 4.71 £ 0.04
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Table 3. CO Association and Dissociation Rates and Equilibrium Constants

heme protein location K, copent (mM™'s7h) k_co 571 Kycopent (HM) Kyco (uM) Kapis
HP7H7F loop end 220 + 6% 0.0667 + 0.0002“ 0.303 + 0.009° 9+2 29 + 5P
CC9H7F open end 296 + 9° 0.023 + 0.005“ 0.08 + 0.02° 30+ 10 380 + 60°
HP7 open end 950° 0.034° 0.036° 0.68° 18°
“From this work. “From ref 6. “From ref 3.
- —300
500 CCOHTF CCOHTF
T"\ 200 a
B <
Fo2s0 HPTHTF =
o HP7H7F
/ .
0 1 ] 1 ] | L | 1 | 0
0 0.5 1 40000 60000 80000
[CO] (mM) 1/[FC] (M)

Figure 4. Rates of CO complex formation and dissociation in HP7-H7F and CC9-H7F. (A) Replots of laser flash photolysis data from ref 6 used to
calculate the pentacoordinate CO binding rate constant, k,¢o. It is derived from the slope of the CO concentration dependence using eq 5: (O) CC9-
H7F and (A) HP7-H7F. (B) Ferricyanide trapping analysis of CO release. Double-reciprocal plots of the rates of oxidation vs the concentration of
ferricyanide extrapolated to infinite ferricyanide give the CO dissociation rate as shown in eq 4.”
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Figure 5. X-Band EPR comparison of ferric HP7-H7F and CC9-H7F. As expected on the basis of the relatively small Ky}, both spectra contain a
mixture of high- and low-spin Fe(III) complexes. The signal near g = 6 is similar to that of myoglobin and five other ferric heme examples containing an
axially coordinated histidyl imidazole ligand. The rhombic signals with g features in the range from 3.52 to 1.54 are typical of bis-histidine-coordinated

low-spin Fe(III) complexes.

hexacoordinate hemoglobins takes into account the hexacoordi-
nate state:12

kgco = kacopent(l + Kypis) (7)

The calculated dissociation constant for binding of CO to
CC9-H7F is 3-fold higher than in HP7-H7F (Table 1): the 12-
fold larger histidine affinity is counterbalanced by the higher
intrinsic CO affinity of the CC9-H7F heme, resulting in a small
overall decrease in CO affinity.

As previously mentioned, CC9-H7F does not detectably form
an oxyferrous complex. However, CC9-H7F is clearly capable of
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binding gaseous ligands, and the similarity in the CO affinity of
the two proteins suggests that the O, affinity may be similar as
well, although CO is not capable of hydrogen bonding when
bound to a ferrous iron;'” therefore, a differential effect due to
hydrogen bonding cannot be discounted. Given a similar binding
affinity, eq 3 predicts that a much higher oxidation rate is the
cause of this inability to bind O,. Our results comparing the open
and closed end of the protein suggest that protein dynamics and
water penetration are the causes of the observed modest changes
in oxidation rates. The large decrease in the oxyferrous state
lifetime in CC9-H7F suggests a similarly large increase in local

dx.doi.org/10.1021/bi301066z | Biochemistry 2013, 52, 447—455



Biochemistry

dynamics. We thus set out to compare the dynamics of CC9-H7F
with HP7-H7F spectroscopically.

Electron Paramagnetic Resonance. EPR of ferric heme
proteins offers insight into the local ligand environment and
geometry.”'® Figure S depicts the X-band EPR spectra of both
ferric complexes. As expected on the basis of the relatively small
Ky pio both spectra contain a mixture of high- and low-spin
Fe(III) complexes. The signal near g = 6 is like that of myoglobin
and other five-coordinate ferric heme examples containing an
axially coordinated histidyl imidazole ligand. The rhombic signals
with g features in the range from 3.52 to 1.54 are typical of bis-
histidine-coordinated low-spin Fe(III) complexes.

HP7-H7F exhibits two populations of low-spin hexacoordi-
nate heme, while CC9-H7F displays a much higher degree of
conformational heterogeneity; there are at least three con-
formations of approximately equal populations. Two populations
are to be expected, as for a minimally designed protein such as
these one would expect a mixture of two heme insertion
isomers.'” The three different populations present in CC9-H7F,
however, are indicative of a higher degree of disorder. It is not
possible to tell by EPR alone whether this disorder is structural or
dynamic in nature; the three different conformations might
themselves be stable, with interchange between them occurring
on such a slow time scale that water penetration is not
accelerated. We therefore set out to spectroscopically compare
the dynamic properties of these two proteins using NMR-
detected hydrogen exchange.

Backbone Hydrogen Exchange. Figure 6 depicts NMR-
detected amide proton hydrogen exchange data for both
protein—ferrous heme complexes. Hydrogen exchange takes

400 —
300 HP7H7F 10min
200 HP7H7F 1hr
~ 100 — HP7HTF 2hr
=)
<
§ 0 - HP7HTF apo
=]
z
g -100
=
CCYHTF 30min
CCOHTF apo
-200

15 Chemical Shift (ppm)

Figure 6. Amide proton hydrogen exchange in HP7-H7F and CC9-
H7F. Isotope-edited 'H NMR spectra of “N-labeled ferrous heme-
bound HP7-H7F (top) and CC9-H7F (bottom) as a function of time
after solvent exchange into 25 mM KaD,PO, D,O buffer (pD 6.5) at 20
°C. Hydrogen exchange takes more than 2 h to complete for the HP7-
H7F complex, while for CC9-H7F, exchange is complete by the first
time point in 30 min, a difference in amide proton protection factor of a
factor of at least 10.
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more than 2 h to complete for the HP7-H7F complex, while for
CC9-H7F, exchange is complete by the first time point in 30 min,
a difference in amide proton protection factor of a factor of at
least 10. As hydrogen exchange in the hydrophobic core of a
protein is mainly limited by the frequency of its large-scale
dynamics,*® this is an indication that the latter protein is also
significantly more dynamic in the reduced state. Together, these
data indicate that conformational heterogeneity leads to water
penetration, which can lead to rapid oxidation of iron by proton
donation and the failure to observe an oxyheme species.

Bl CONCLUSIONS: IMPLICATIONS FOR PROTEIN
DESIGN

These data demonstrate the beneficial and deleterious effects of
dynamics on protein function in the same protein. This, we
believe, demonstrates the importance of engineering dynamic
motions into artificial proteins.

Flexibility and Ligand Binding. Gaseous ligand binding is
faster and binding affinity greater at the heme binding site near
the open end of HP7, despite the fact that the local sequence,
secondary structure, and cofactor reduction potentials are
identical at both sites. We attribute this to increased flexibility
at the less conformationally constrained open end binding site.
Although the improvement demonstrated here is relatively
modest, it underlines the important role dynamics play in ligand
binding, and the need for protein flexibility to be incorporated
into the protein design process.

Active site flexibility has been long been known to be an
important factor in allowing rapid ligand binding in several
natural enzymes,”' and in some limiting cases, ligand bindin
even occurs to unfolded protein states, followed by folding.”
Several computationally designed proteins have been shown to
be too rigid in their apo states to bind ligands on an
experimentally tractable time scale. Bender et al., for example,
were forced to heat their designed diporphyrin-binding four-helix
bundle to 90 °C for hours in the presence of denaturants to
observe a significant level of active site occupancy,” and
McAllister et al. heavily mutated their artificial tetraporphyrin-
binding four-helix bundle to destabilize it enough to permit
binding.** In both cases, dynamics had to be increased to achieve
ligand binding, underlining the fact that what many protein
design groups consider to be the optimal hydrophobic core
packing, a relatively immobile semicrystalline core with a
minimum of both cavities and strained rotamers,” can lead to
an inability to bind ligands on biologically relevant time scales.

In the case of HP7, the apoprotein is a molten globule that
becomes ordered upon cofactor binding.* This large degree of
disorder explains the observed rapid heme binding. In the holo
state, as the amino acid side chains at the active site differ
significantly from those that bioinformatic analysis suggests
would create a complementary binding interface,”® the relative
ease of distal histidine association and dissociation and the ability
of the pentacoordinate state to accommodate gaseous ligand
binding can be explained by the relatively poor packing
interactions that result from our simple binary patterning-
based design process.'® It may indeed be an advantage of our
design algorithm that hydrophobic core packing is not optimized.
The observed improvement at the open end of the protein
further supports this hypothesis.

Gaseous Ligand Binding in Hexacoordinate Hemoglo-
bins. In hexacoordinate hemoglobins, gaseous ligand binding is
affected both kinetically and thermodynamically by the
association of the competing distal histidine. In terms of
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thermodynamics, eqs 6 and 7 demonstrate that the effective
oxygen binding affinity can be modulated via alterations in the
distal histidine affinity. Given that the pentacoordinate oxygen
affinities at the different sites of HP7 are almost identical, this
may prove moving forward to be the simplest method for
creating artificial oxygen transport proteins with a range of
oxygen dissociation constants.

While our data clearly demonstrate greatly increased dynamics
and levels of water penetration in the triple-mutant protein, the
kinetics of histidine dissociation can also play a role in function:
the longer the dissociation takes, the lower the oxyferrous state
yield as the hexacoordinate state is vulnerable to oxidation. Thus,
an optimal hexacoordinate oxygen transport protein will have the
correct Ky p; to achieve the target oxygen affinity and a k_ that
must be fast enough to outcompete k. One possible explanation
for the inability of CC9-H7F to form an oxyferrous state is that
the 22-fold increase in the average histidine detachment time
gives too long a time for oxidation of the hexacoordinate complex
prior to oxygen binding. However, we have also shown that an
increased level of disorder greatly accelerates the level of
penetration of water into the hydrophobic core of the protein.
We cannot determine which, or even both, of these mechanisms
is serving to prevent buildup of a observable fraction of the
oxyferrous state in CC9-H7F.

B ASSOCIATED CONTENT
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Derivation of eq 3, which describes the oxygen concentration
dependence of the oxyferrous state lifetime. This material is
available free of charge via the Internet at http://pubs.acs.org.
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B ABBREVIATIONS

CO, carbon monoxide; EPR, electron paramagnetic resonance;
HSQC, heteronuclear single-quantum coherence; NMR, nuclear
magnetic resonance; O,, molecular oxygen.
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B ADDITIONAL NOTE

“We have chosen this terminology instead of proximal and distal
to avoid confusion about the location of the heme binding site
with the proximal and distal histidine ligand in each binding site.
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