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ABSTRACT. Hexacoordinate hemoglobins are heme proteins capable of reversible intramolecular coordination
of the ligand binding site by an amino acid side chain from within the heme pocket. Examples of these
proteins are found in many living organisms ranging from prokaryotes to humans. The nonsymbiotic
hemoglobins (nsHbs) are a class of hexacoordinate heme proteins present in all plants. The nsHb from
rice (rHbl) has been used as a model system to develop methods for determining rate constants
characterizing binding and dissociation of the His residue responsible for hexacoordination. Measurement
of these reactions exploits laser flash photolysis to initiate the reaction from the unligated, pentacoordinate
form of the heme protein. A model for ligand binding is presented that incorporates the reaction following
rapid mixing with the reaction starting from the pentacoordinate hemoglobin(fibijs model is based

on results indicating that ligand binding to hexacoordinate Hbs is not a simple combination of competing
first order (hexacoordination) and second order (exogenous ligand binding) reactions. Ligand binding
following rapid mixing is a multiphasic reaction displaying time courses ranging from milliseconds to
minutes. The new model incorporates a “closed”, slow reacting form of the protein that is not at rapid
equilibrium with the reactive conformation. It is also demonstrated that formation of the closed protein
species is not dependent on hexacoordination.

Recent discoveries of new hemoglobins in archea, bacteria, Methods have recently been developed for the kinetic
protozoa, plants, and vertebrate animals demonstrates theharacterization of hexacoordination and ligand binding in
broad diversity of these proteins and suggests that they arehexacoordinate hemoglobing2). These methods were
found in most, if not all organismsl{-6). Hemoproteins developed using the nsHb from rice (rHbl) in which
serve many physiological roles, from oxygen storage and hexacoordination in the ferric and deoxy ferrous forms results
transport to catalytic activation and signal transductifn ( from the binding of a histidine side chain to the sixth
New physiological functions will certainly be discovered over coordination site of the heme iron (Figure 1A). When ligand
the next few years. Many of these newly discovered heme pinding is initiated by flash photolysis of the ligand bound
proteins show the unusual ability to form reversible, in- protein (Figure 1C), the reaction begins with the protein in
tramolecular hexacoordinate complexes. Examples of thisthe pentacoordinate state (Figure 1B). Under these conditions,
group include the carbon monoxide dependent transcriptionrate constants for hexacoordination and bimolecular ligand
activator CooA, theescherichia colioxygen sensor ECDos,  pinding can be determined by monitoring biexponential
nonsymbiotic plant hemoglobins (nsHb&hlamydomonas  jigand rebinding {2). However, under physiological condi-
Hb, Synechocystiflb, and human neuroglobid,(6, 8-11). ~  tions it is unlikely that ligand binding starts from a
The hexacoordinating amino acid side chain exerts consider-completely pentacoordinate population of protein molecules.
able influence on ligand binding to these Hbs. Instead of a |t js much more likely that the protein exists in an equilibrium
simple bimolecular reaction as is observed with traditional mixture of the hexacoordinate and pentacoordinate forms.
pentacoordinate Hbs, ligand binding to hexacoordinate Hbs\\en a suitable ligand becomes available, the rate of binding
is a complex competition between the binding of the \oyid then be determined by the fraction of protein in the
exogenous ligand and intramolecular coordination by a local hentacoordinate form in conjunction with the rate constants

amino acid side chain. The large number of newly discovered ;4o ciated with ligand binding and hexacoordination.
heme proteins exhibiting this behavior, coupled with wide

variation in hexacoordination kinetics, indicates that this is
a fundamentally new and ubiquitous method for regulation
of ligand binding to heme proteins.

The work described here uses rapid mixing and kinetic
analysis to investigate the ligand binding reactions of several
hexacoordinate hemoglobins. The rate constants for ligand
binding and hexacoordination determined by flash photolysis

T We would like to acknowledge the USDA for support of this work ~ are evaluated against time courses for ligand binding obtained
(Award No. 99-35306-7833). from rapid mixing experiments. These comparisons demon-
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2616: fax: (515) 294-0453; E-mail: msh@iastate.edu. strate that the simple hexacoordination reaction scheme

L Abbreviations: Mb, myoglobin (horse heart); Hb, hemoglobin; Shown in Figure 1 is not sufficient to fully describe ligand
nsHb, nonsymbiotic plant hemoglobin; rHb1, rice nonsymbiotic plant binding to these proteins. A general model describing ligand

hemoglobin I; H73L, rice nonsymbiotic plant hemoglobin | mutant with indi i ; ;
a leucine substituted for the distal coordinating histidine (H73); synHb, binding to hexacoordinate hemoglobins is developed that

Synechocystisemoglobin; ckHb1 Cichorium hemoglobin I; msHb, ~ accounts for reactions following rapid mixing and flash
moss hemoglobinRhyscomitrell. photolysis.
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Ficure 1: Ligand binding to rHb1. (A) The ferrous deoxy form of this protein has a His side chain coordinated to the ligand binding site
that must dissociate to form the reactive pentacoordinate species. This heme pocket is that AOyH{B) The heme pocket of deoxy

lupin leghemoglobin Z8) serves as a model for deoxy rHb1. (C) CO bound lupin leghemogl@8hserves as a model for the heme
pocket of ligand bound rHb1. The rate constant for each of these reactions is titled along with the arrow indicating the reaction. The relative
position of the highly conserved phenylalanine side chain is shown in each of the heme pockets.

MATERIALS AND METHODS Table 1: Absorbance Peaks and Rate Constants

Bacterial Strains and Culture Condition®ll of the _ CO-heme peak kio(uM™s™)  ko(sh) ko(sh
proteins examined here were obtained through recombinant Protein (nm) +10% +10%  +10%
expression techniquek. coli BL21(ADE3)-CodonPlus-RP HH Mb 423 0.5 N/A N/A
cells E. coli-CP-RP) (Stratagene) were used as the protein rHbl 416 6.0 60 600

expression host. These cells were grown in a fermentation H7sL 416 1_61 80 : 8009

apparatus consisting of a 20 L polypropylene carboy resting *The absorbance peaks monitored for each protein during CO

in a 40 L open rectangular water bath that regulates the Pinding experiments and CO binding, opening, and closing rate
. . constants. The positions of the CO-heme absorbance peaks in synHb,

growth culture temperature. Aeration was accomplished msHb, and ckH1 are 417, 419, and 419 nm, respectively.

through mild stirring with a 6-cm magnetic stir bar ac-

companied with @ that was bubbled through autoclave procedure typically results in proteins with a Sofeh nm

durable aquarium air stones at 60 psi. Expression mediaratio > 3.0. Horse heart myoglobin was obtained com-

consisted of Terrific Broth supplemented with &@/mL mercially from Sigma and not subjected to further purifica-
kanamycin, 50ug/mL chloramphenicol, and 1.0 mL of tion.
antifoam (Sigma). Kinetic Experiments.Rapid mixing experiments were

Cloning, Expression, and Purification of Recombinant carried out with a Durrum stopped flow apparatus interfaced
Proteins.The cDNAs coding for each protein were inserted with a personal computer using previously described methods
into pET29a (Novagen) between the Ndel and EcoRI (16, 17). Absorbance spectra were collected during CO
restriction sites in the multicloning region. The rHb1 H73L hbinding using an On Line Instruments (OLIS) rapid scanning
mutant protein was generated as described previod8)y ( monochromator (RSM) stopped flow apparatus. Samples
The source of the cDNAs were rHb1 and H73L rHHUB)( were prepared as follows. Perfektum gastight syringes
synHb (Hvitved et al., unpublished data), ckHY), and containing 100 mM potassium phosphate (pH 7.0) were
msHb (@5). bubbled with either CO or Nfor 20 min. Dry sodium

Each plasmid was grown in 20 L of the expression media dithionite was then added to each syringe to a concentration
at 37°C until the optical density at 600 nm was 1.5, at which of ~200uM. Solutions of CO prepared in this way are 1000
time expression was induced by the addition of IPTG (Sigma) uM, with lower concentrations of CO obtained through
to a final concentration of 50@M. In some instances, 5 dilution of the 1000uM solution into secondary syringes
mg/L hemin chloride (solubilized in 0.1 M NaOH) was added containing buffer equilibrated in N The protein sample
at induction to increase the fraction of soluble protein. syringe consisted of Nequilibrated buffer with~200 uM
However, the addition of hemin chloride was not required sodium dithionite and~1 uM protein. Reactions were
for the formation of soluble, heme-bound protein and was monitored at the corresponding CO-bound heme absorbance
not added at later stages of protein purification. Protein maximum for each protein sample as listed in Table 1.
expression was allowed to continue for 5 h, followed by  Data AnalysisRate constants for CO binding to rHb1 were
harvest of the culture. This was done by formation of a pellet extracted from least-squares fits to binding time courses
of the cells through centrifugation~6000 g for 10 min). between 0.003 s (the dead time of the stopped flow
The harvested cells and lysis supernatants all displayed brightapparatus) and 0.2 s. Below [CO] of 5M, a two
red color, as typically seen in soluble heme-bound hemo- exponential decay expression was necessary to describe the
globins. time courses (Figure 4). The faster of these rate constants

All proteins were then purified using a three-stage are shown in Figure 5A (filled circles), and the slower are
procedure consisting of ammonium sulfate fractionation, and shown in Figure 5A (open circles) and Figure 6A. Above
phenyl-sepharose and DEAE-cellulose column chromatog-50uM [CO], data between 0 and 200 ms fit well to a single-
raphy (L3). The protein solutions were dialyzed into 20 mM exponential decay (Figure 4C).

Tris (pH 8.5) after the phenyl-sepharose separation and prior The H73L rHbl rate constants were determined using
to the DEAE-cellulose purification step. This three stage single-exponential fits to the rapid-mixing time courses
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Table 2: Percentages of Each Fraction of CO Binding Following ~hemoglobins exhibit differing degrees of divergence from
Rapid Mixing? single-exponential binding, with the most extreme deviance

displayed by the nsHb from moss.

open fraction closed fraction  closed fraction

protein (%) *fast* (%) *slow* (%) To rule out slow drifts in absorbance or slow equilibration
rHb1 30 50 20 of the final absorbance spectra as the cause of nonideality
msHb 10 20 70 in Figure 2A, complete spectra were measured during CO
ckHb1 20 30 50 binding using a rapid scanning stopped flow apparatus. An
;y7n3I-I|_b 78§ Zzg example of these spectra is given in Figure 2B for CO

aThe relative percentage associated with each fraction of CO binding binding to synHb. All reactions exhibited discrete isosbestic
to the hexacoordinate hemoglobins in Figure 2A. These fractions were pomts,_ demonstra_ltlng that the _Only réaction occurring on
determined using reactions at a8 [COJ. H73L and synHb exhibit ~ these time scales is the conversion of deoxy Hb to CO bound
only the slower fractions because binding to the open fraction is lost Hb.

in the dead time of the reaction (Hvitved et al., unpublished). The time course for CO binding to rHb1 at low [CO] (10
uM) is examined in more detail in Figure 3. The fitted curves
between 0.003 and 0.2 s at [CO] less than/B0. At in this figure have been isolated to demonstrate graphically
concentrations above 3M [CO], data were fitto a double ¢ gitferent fractions of binding present in the time course.
exponential expression and the faster rate constants 'nterThus, the fitted curve in Figure 2A for rHb1 represents the
preted in Figure 7 along with the single-exponential fits for g, of the fitted curves presented in Figure 3. Of these three

the time at [CO]= 50 M. The presence of a second raté gistinct fractions of ligand binding, two exist in the 0 to 200
constant in the higher [CO] time courses was attributed to o region and can be described with single exponential

the slower binding phenomenon demonstrated in Figures 2y mq “The third fraction of rebinding occurs on a much
and 3, which is the subject of ongoing investigation. Selected ¢ q\ver time scale and is heterogeneous in nature, unable to
rate constants are listed in Table 1. The kinetic simulation o yescribed with a single exponential fit. The percent of
in Figure 6B was generated using the program KINSI)(  jigand binding that occurs in each fraction for rHb1 is listed
All grgphlc representations and data analygs were carriedi, Taple 1. As the majority of binding to rHb1 occurs during
out using the program Igor Pro (Wavemetrics, Inc). the first 200 ms, our current effort to model ligand binding
RESULTS concerns only these two phases of b_inding. The slow bin_ding,
heterogeneous fraction (that occurring after 200 ms) will be
Time Courses for Ligand Binding Following Rapid Mixing. analyzed later in the context of a hexacoordinate hemoglobin
The reaction scheme for hexacoordination shown in Figure that exhibits a large amount of rebinding during this time.

1 can be simplified to the following equation if the  Eigyre 4 demonstrates that two exponential terms are
dissociation rate constant for the bound ligand is very small necessary for fitting CO binding to rHb1 at low [CO}60

as compared to all other rate constants, and the reaction is,uM). Figure 4A is a time course for CO binding to rHb1 at
carried out under pseudo first order conditions with the ligand 20 M [CO]. Single and double exponential decays were fit

in excess. On the basis of this equation and using anp, jeast squares to this time course and are shown along
K, KL with the raw data. Residuals from each fit are shown in

Hbepr—H b, 1) Figure 4B. In this case, the fit to the double exponential decay
provides a significantly better model than the single-

improved steady-state approximation for (Hf19), the ~ €xponential decay. At [CO} 50 1M, a single exponential -
following equation can be derived for the observed rate decay successfully accounts for all binding amplitude on this

constant of ligand binding following rapid mixing. time scale. Figure 4C demonstrates this with a time course
for CO binding to rHb1 at 40@M [CQ]. Single and double

k_pki [L] exponential decays were fit to the time course and overlaid

Kobs 1= K g+ kg +K L] ) with the raw data. The residuals for each fitted curve are

plotted above the time course. In this case, no benefit is

Equation 2 predicts a single-exponential decay time coursederived from inclusion of a second exponential when fitting
that is dependent upon the concentration of the ligand. the time course, as the residuals from the two fits are
However, if K[L] > k. + kg, the observed rate of functionally identical. These results indicate that the more
reaction will bek_y regardless of the ligand concentration apid rate constant for binding in Figure 4A is lost in the
(20). mixing dead time £0.003 s) at the higher [CO] giving rise
Rapid mixing time courses for carbon monoxide binding t© Figure 4C.
to several hexacoordinate hemoglobins are shown in Figure Comparison of ksn by Flash Photolysis and Rapid
2A along with horse heart myoglobin (Mb) for comparison. Mixing. Equation 2 predicts a single exponential binding
Unlike the hexacoordinate hemoglobins, Mb is strictly eventif the reaction in eq 1 is at rapid equilibrium. The rHb1
pentacoordinate in the reduced, unligated form and its time rate constants for each of the terms in eq 2 have been
course fits well to a single-exponential decay. However, none measured independently using flash photolysis and are 1911
of the hexacoordinate hemoglobin time courses fit well to s1, 517 s, and 6.0uM™! s7? for k-u, k4, and ko,
single-exponential terms. This disagrees with the behavior respectively 12). Therefore, the [CO] dependencelgfs H
predicted by eq 2 and indicates that ligand binding following predicted from eq 2 can be compared to that of the two rate
rapid mixing is more complex than the reaction shown in constants extracted from the-@00 ms time courses for
Figure 1 and described by eq 1. The various hexacoordinatebinding following rapid mixing.
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Ficure 2: CO binding time courses for several hexacoordinate hemoglobins and myoglobin. (A) The change in absorbance at the CO-
heme absorbance peak following rapid mixing of each protein aM8QCO] is plotted against time. To facilitate comparison, the time axis

is linear for the first 200 ms and log scale for the remainder. The fitted curves are a single-exponential fit for Mb, double exponential fits

for synHb and H73L rHb1, and three exponential fits for the rest. This figure serves to illustrate the diversity and heterogeneity in ligand

binding exhibited by hexacoordinate hemoglobins. (B) Absorbance spectra following rapid mixing of synHpMt[8®D]. Individual

spectra are labeled with their time of acquisition following the rapid mixing event. This figure demonstrates a single transition from the

deoxy protein to the CO bound form.

100 |- W [CO] > 50 uM. Another comparison of the CO binding
= predicted from eq 2 and that observed following rapid mixing

§ 80 ] is shown in Figure 5B. A simulated time course for CO
% 60 . binding (400 M) to rHb1 following rapid mixing was
K generated using the mechanism in eq 1 and the rate constant
E 40 i calculated from eq 2. Figure 5B illustrates the poor correla-
E 20 4 tion between this simulation and the corresponding experi-
i} mentally acquired time course.

g.om 001 01 1 10 100 1;00 There are two important points made in Figure 5. (i) CO

binding following rapid mixing is more complex than what
o . . . . is predicted from egs 1 and 2. (ii) The faster of the two
Encq;gRgoirslglﬂfgrreggr;%té?rr:; ?c]; ';%,%“1" aﬁ'%g[gg]ﬁﬁlﬁe-rm‘:’éz & observed rate constants correspo_nds_with the predicted rate
exponential fitted curve has been partitioned into its component constant from eq 2. Thus rHb1 exists in a mixture of states,
single-exponential fitted curves, which are overlaid on correspond- with a fraction of the protein behavior described by eqs 1
ing regions of the time course. The bottom curve represents theand 2. As shown in Table 2, this fraction comprises
open fraction, the middle curve is the faster of the “close;d fractions, approximately 30% of binding to rHbl. Evidently this
and the top curve shows the heterogeneous, “slow” fraction of . L . S
ligand binding. Fractions of binding resulting from fits to the other POPUlation of molecules exists in rapid equilibrium between
hexacoordinate hemoglobins in Figure 2A are given in Table 2. Hby, and Hip, behaving in accordance with the mechanism
This comparison is shown in Figure 5A with the expected Shown in Figure 1.
values ofk.ps ypredicted from eq 2 shown as a line, the faster ~ This suggests that the remaining 70% of rHb1 molecules
of the two rapid mixing rate constants shown as filled circles, exist as a discrete population, indicating that the overall
and the slower as open circles. The faster of the two ratebinding reaction is not at rapid equilibrium and must
constants (filled circles) is lost in the mixing dead time at therefore contain a slowly reacting species. We have defined

log time (seconds)
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iﬁ Ficure 5: A comparison of rate constants for rapid mixing to those
g predicted from the individual rate constants for hexacoordination.
5 ) (A) The fast (filled circles) and slow (open circles) rate constants
% 08 _ obtained from the double exponential fits to the time courses for
<! ' C CO binding to rHb1 are shown as a function of [CO]. The faster
S 10 1 ] 1 - of the two observed rate constants becomes immeasurable at [CO]
0.05 0.10 0.15 0.20 > 50 uM due to the mixing dead time. The predicted values of

time (seconds)

kobs,1from eq 2 are simulated as a function of [CO] and shown as
a solid line. There is a very good correlation between the faster of

FIGURE 4: Time courses for CO binding to rHb1 at high and low the two observed rate constants and the values associated with
[CO]. (A) A time course for CO binding to rHb1 at 20M [CO. hexacoordination and bimolecular ligand binding. (B) A time course
The data are plotted along with double (solid line) and single (dotted "€Sulting from rapid mixing of rHb1 at 406M [CO] (squares) is
line) exponential fits to the time course. (B) Residuals from the Plotted with its single-exponential fitted curve (solid line running
single (dotted line) and double (solid line) exponential fits from through the data points) and a simulated data trace predicting rHb1
(A). (C) CO binding to rHb1 at 40aM [COJ. As in panel A, the binding at 400uM in accordance with eq 2. A clear difference
data were fit to single (dashed line) and double (solid line) exists between the predicted and observed time courses.
exponential expressions. The residuals from each fit are plotted . i o .
above the time course. These data illustrate that time courses below Equation 3 describes this kinetic mechanism:
50 uM [CO] are biphasic on this time scale. At [CG] 50 uM, " ) C
the time courses are monophasic. —H L

Hbos—HDbo 7=Hbo s——Hbg 3

the population not described by the reaction in eq 1 to be a
“closed” form of the protein. In rHb1, CO binding to the Hbc is the closed form of the protein; Wl is the open
majority of the closed protein (50% of total binding) is hexacoordinate form (corresponding with Figure 1A) b
relatively rapid and dependent on ligand concentration. The is the open pentacoordinate form (corresponding with Figure
remaining fraction of closed protein (20% of total binding) 1B); and Hly is the open ligand-bound form of the protein
is the slow binding, heterogeneous phase mentioned above(corresponding with Figure 1C). Since HIs not at rapid
To avoid confusion, the two fractions of closed protein are equilibrium with the open forms of the protein, the rate
referred to respectively as “closed-fast binding” and “closed- constant for openingg) must be slow in comparison with
slow binding,” with the term “closed” indicating the sum of the rate constants for hexacoordination and bimolecular
the two. ligand binding. Under these conditions, ligand binding
A Model for Ligand Binding.There are two realistic ~ following flash photolysis will involve only the open forms
models that could explain this closed population of protein. Of the protein, and ligand binding following rapid mixing
(|) Hexacoordination by Hi8 is heterogeneous and results will be heterogeneous. This interpretation is in agreement
in two phases of ligand binding. (i) The closed form of the With both the data presented here (Figure 2) and that
protein involves a conformation that must shift to an “open” determined previously from flash photolysis2y.
form (that associated with the 30% binding corresponding  Kinetic Analysis of Hb. Equation 3 can be used in
with Figure 1 and eq 2) prior to Hi% dissociation and ~ combination with steady-state approximations forHtand
formation of the reactive pentacoordinate species. The timeHbop to calculate the observed rate constant for ligand
courses for hexacoordination and ligand binding following binding to Hk; following rapid mixing.
flash photolysis are exactly those expected for a mechanism
comprising a single hexacoordinating specitd.(Further- Kype o= K_koki [L]
more, the structure of rHb1 suggests a homogeneous hexa- °*C Kk k_,+ ko[k_y, + k] + [ko + K_g + K_, K [L]
coordinate conformationl(). With no support for hetero- (4)
geneous hexacoordination, the latter of the two models was
selected as a hypothesis for ligand binding to rHb1.

In this equation, each rate constant is defined as in eq 3.
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50 T . T 2). The relationship between the fraction of closed protein
40 — ! i Tt 1 andKo is derived beginning with eq 5, which defingsas
N 30 i the fraction of protein in the closed form prior to rapid
:«g 20 mixing. When the concentration of each species in eq 5 is
. Hb
10 ] ] ] ] A ] Yo = c (5)
100 200 300 400 500 Hbg p+ Hbg 4 + Hb
[corm normalized to Hp p, the following equilibrium relationships
) exist; Hp p = 1, Hlp 4y = Ky, and Hiz = Ky/Ko (WhereKy
£ is kn/k—1). Solving forKo yields the following relationship
£ betweenKo andy.:
é _ Ku(1 =70 6)
° yl+Ky
0.05 0.10 0.15 0.20
time (seconds) Applying eq 6 to rHbl . = 0.7 (£ 10%); Table 1] with

Ky determined from flash photolysiKf; = ku/k-y = 0.3

FiGURe 6: The concentration dependence of CO binding to “closed” (£ 10%)] results in a value foKo of 0.1 (£ 10%). This
rHb1. (A) The slower rate constant for CO binding in Figure 5Ais provides equilibrium corroboration of our kinetically deter-

shown again here with the ordinate axis scaled appropriately. Eachmyined value oKo, and further supports the model proposed
data point is an average of several replications of rapid mixing é'n eq 3

experiments at each concentration of CO. Error bars are the varianc

in each data point. The solid line is a least-squares fitgoand Determination of the Necessity of Hexacoordination in
k-oin eq 4 with values fok-u, ks, andke, fixed at 1911 st, 517 the Formation of Hb. To investigate whether the closed
s, and 6.0uM~* s™, respectively 12). The fitted values foko protein form is contingent upon hexacoordination, ligand

and ko are 60 and 600 3, respectively. (B) The program inging was measured using a pentacoordinate mutant

KINSIM4.0 was used to generate simulated time courses for rHb1 . : . -
rapid mixing at [CO] of 500 and &M according to the mecha- rHb1 protein in which Hi& was replaced with Leu (H73L

nism described by eq 3. The corresponding experimentally acquired’Hb1). This protein has previously been shown to be
time courses at the same concentrations were then normalized angpentacoordinate and has a very rapid bimolecular rate

plotted within this figure. This indicates that a more accurate constant for CO binding following flash photolysik{, =
description of binding is provided by eq 3 as compared to that of 161uM-1 s (12, 13).
eq 1 (Figure 58). If ligand binding to H73L rHb1 was a simple bimolecular
Similar to eq 2, eq 4 predicts concentration-dependent Iigandtehvent I'.lfje that of trad;.tlonal p?gtgc?rqlgaée. h(irr:]oglpmns,
binding unlesso is very small in comparison to the other deeacrjat?rlner:rzx[gg]ieg/c,tll\inHVgJS/)vueverebilr?é?n;tolaneL :nngllng

. h [ he limiti lue. : ’ ? :
rate constants. Under these circumstances, the limiting va ueIS observed for as long as 100 s at much higher [CO] (Figure

Of_:_("bst‘c\/\tmtlhbe exgcflz equi t((;l@. 3 the d d f2). This implies that hexacoordination is not required for
o test the model described in eq 3, the dependence of¢J - von of Hy.

Ié?]b;\fv r(w)?n(lz:? u?gnGC:nér:(t:fsgasameri?a%rhee% ;]hgssemdatlgzieare As the H73L rHb1 mutant protein is capable of existing
9 : s.capp YMPIOLE, i a closed conformation and yet incapable of hexacoordi-

it was possible to extract valyes for the_ rate constm'ats nation, the following reaction scheme serves to describe
andk_o from a least-squares fit to eq 4 wikhy, ky, andk; ligand binding to this protein

fixed at the values previously determined by flash photolysis.

The fitted values forko and k_o are 60 and 600 3, ko KL
respectively. Hbc <= Hbo p—— Hby, (7)

Using these values and the rate constants determined from
flash photolysis, numerical integration of the kinetic scheme Equation 7 is of the same form as eq 1, and using a steady-
in eq 3 was used to simulate rapid mixing time courses for state approximation for i provides a similar relationship
CO binding to rHb1. Figure 6B shows simulated time courses betweenrk,p,s and the rate constants for opening and closing

for CO binding at concentrations of 5 and 500 along in the H73L rHb1 mutant protein. Rate constants for opening
with the corresponding observed time courses. The correla-

tion between the simulated and observed traces at high and _ K ok [L] 8

low [CO] in Figure 6B is in sharp contrast to Figure 5B, Kobs H7aL = Ko+ ko + K [L] (8)

demonstrating the ability of the model in eq 3 to predict

CO binding to rHb1 with greater accuracy than the model and closing in H73L rHbl were determined from the

ineq 1. concentration dependencelgfs 173 0n the binding of CO
The values ok, andk-o measured for rHb1 predict an following rapid mixing. These data are shown in Figure 7

equilibrium constant for openindso (Ko/k-o), of 0.1. Our along with a nonlinear least-squares fit to eq 8 vkth—=

analysis of this reaction scheme and the fitted valuekfor 161uM~s™*. The resulting values df andk_o for H73L

andk-_o can be tested by comparing this kinetically deter- rHb1 are 80 and 8000% respectively.

mined value oKo with the equilibrium value calculated from Ligand Binding to other Hexacoordinate Hemoglobins.

the fraction of protein which exists in the closed form (Table The amplitudes for the three fractions of binding extracted
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80 are not measuring ligand binding that occurs according to a
mechanism like that described in eqs 1 and 2. Instead, it is
“-z & likely they are measuring the reactions described in eqs 3
s w0 and 4, with the “opening” event limiting the observed rate
20 of reaction. This hypothesis would explain the very unusual,
| | | | | ligand-independent kinetic binding constants that have been
100 200 300 400 500 reported. To determine the validity of this hypothesis, the

rate constants reported from stopped flow experiments should
_ o be compared with values determined from laser flash
FicUrRe 7: The concentration dependence of CO blnd|ng to H73L photolys|s The model presented here resolves the unexpected

rHbl. Each data point is an average of several replications of rapid ; : o :
mixing experiments at each concentration of CO, and the error barsdlscrepancy of different ligand binding rates displayed by

are the variance in each data point. The solid line is a least-squaregWO Very similar nsHbs and also supplies a possible explana-
fit for ko andk_o in eq 8 withk., fixed 161uM~1 st (12). The tion for the unusual ligand binding behavior of Dos.

values ofko andk-o extracted from this fit were 80 and 8000"s Structural Determinants of Heterogeneous Ligand Binding.

respectively. Hexacoordinate hemoglobins exist in at least two different
_ . ) states. The term “open” has been applied to the conformation

from each time course in Figure 2A are reported in Table 1. 4t the protein that is capable of reversible hexacoordination,

The percent of total ligand binding that occurs in each fomation of a pentacoordinate complex, and ligand binding.
fraction varies widely among the hexacoordinate hemoglo- A «cjosed” conformation has been attributed to the fraction

bins. Binding of CO to synHb and H73L rHb1 on th&00 ot hrotein that reacts more slowly following rapid mixing.
ms time scale can be described by single-exponential valuesy, this model, the closed conformation is incapable of ligand

because binding to the open fraction is lost in the dead time p;nqing. The open and closed forms of the hexacoordinate
associated with rapid mixind.g) (Hvitved et al., unpublished  hemoglobins examined here are not at rapid equilibrium on

data). Therefore, no “open” fraction binding is reported. ¢ time scales during which ligand binding is traditionally
measured.
DISCUSSION A conversion between the two forms of the protein may

Structural and kinetic investigations of pentacoordinate involve structural rearrangement. The structure of ferric rHb1
hemoglobins have been carried out for decades. The resultingvhen compared with leghemoglobin suggests that folding
mechanisms for ligand binding to these proteins indicate thatof the rHb1l D helix region could accompany E helix
the distal heme pocket uses specific amino acid side chainsrearrangement following ligand binding@). It is possible
to stabilize the ferrous heme iron against oxidation and to that this reorganization in structure is linked to the slow
create an electrostatic environment appropriate for ligand conformational change observed here. As mentioned before,
binding and selectivityZ1). The use of reversible intramo- the crystal structure of rHb1l shows little heterogeneity in
lecular hexacoordination to regulate ligand binding is a more hexacoordination and, with the exception of the D helix
recent discovery and is now known to exist in a large and region, is fairly well ordered. It is possible that the crystal
phylogenetically diverse group of proteins. lattice preferentially stabilizes only one conformation of the

The ligand binding model presented here is undoubtedly protein. Structures of ligand-bound and ferrous rHb1 will
applicable to many of these hexacoordinate hemoglobins.undoubtedly improve our understanding of the structural role
In demonstration of this, we discuss two hexacoordinate in heterogeneous ligand binding.
hemoproteins that have been previously investigated; the Surprisingly, hexacoordination is not required for forma-
nsHb from barley, and an oxygen-sensing heme protein tion of the closed protein conformation. If this were the case,
(EcDos) fromE. coli (9, 22). Barley nsHb and rHb1 share ligand binding to H73L rHb1 following rapid mixing would
significant sequence homology and would be expected tobe extremely fast and not measurable on conventional
have similar rate constants for ligand binding. However, in stopped flow time scales. Figure 2 and Table 2 demonstrate
contrast to the bimolecular rate constant for CO binding to that this is not the case for at least part of the binding
rHbl (6uM~1s71), the barley rate constant has been reported reaction. These results suggest that the differences between
as 0.57uM~1 s71 (22). This value was estimated from stop open and closed conformations involve structural movement
flow measurements at low [CO]. Values ¢f, were by the polypeptide backbone and are not simply a conse-
estimated from the slope df,s at low [CO] with the guence of a well positioned distal His side chain. Therefore,
assumption that this CO concentration range provided a directthis conformational change could confer regulation of ligand
measurement of bimolecular binding. Equation 2 (and eq 4) binding in concert with hexacoordination. It is also possible
demonstrates that this cannot be the case. When we examinéhat ligand binding is predominately regulated by varying
the data for CO binding to rHb1 in Figure 6A with the same the ratio of open and closed fractions of protein. A great
methods used by Duff et al2®), we find a similar value of  deal of regulatory control over ligand binding is possible
0.58uM~1 s7L. Flash photolysis experiments have shown through a combination of reversible hexacoordination and
that this does not represent the true valudqQf (12). variation in fractions of open and closed protein.

EcDos, the oxygen-sensing heme protein fr&mcoli Additional evidence supporting folding instead of hexa-
described by Delgado-Nixon et a@)(is also hexacoordinate  coordination in the regulation of open and closed conforma-
although it is predicted to be a PAS protein instead of a tions comes from the fact that the ratios of the closed
globin. This protein shows slow and remarkably similar fractions for rHb1 and H73L are the same (Table 2). In both
binding rates for @ CO, and NO when these reactions are proteins,~75% of the closed fraction is fast and monoex-
initiated by rapid mixing. It is probable that these experiments ponential (closed-fast binding). Future work should inves-

{CO1uM
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tigate whether the same phenomenon occurs with the mossnechanism of ligand binding indicates that their reactivity

protein, where the closed-fast binding fraction is much has the potential for a large degree of regulation. A thorough

smaller (20%; Table 2). understanding of these reactions in a number of different
Physiological Significance of Hexacoordinationradi- hemoglobins will be invaluable for correlating biophysical

tional pentacoordinate hemoglobins have presumably evolvedand physiological function. The model presented here

to bind ligands rapidly (i.e.>100 s in air) due to their provides a mechanistic basis on which to build an under-

roles in oxygen transport and scavenging. To optimize this standing of the structure and function of this class of

function myoglobins and mammalian hemoglobins have hemoglobins.

developed rigid, “open” heme pocket conformations that
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