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�-Hemoglobin (�Hb) stabilizing protein (AHSP) is expressed
in erythropoietic tissues as an accessory factor in hemoglobin
synthesis. AHSP forms a specific complex with �Hb and sup-
presses the heme-catalyzed evolution of reactive oxygen species
by converting�Hb to a conformation inwhich the heme is coor-
dinated at both axial positions by histidine side chains (bis-his-
tidyl coordination). Currently, the detailed mechanism by
which AHSP induces structural changes in �Hb has not been
determined. Here, we present x-ray crystallography, NMR spec-
troscopy, and mutagenesis data that identify, for the first time,
the importance of an evolutionarily conserved proline, Pro30, in
loop 1 of AHSP. Mutation of Pro30 to a variety of residue types
results in reduced ability to convert �Hb. In complex with �Hb,
AHSPPro30 adopts a cis-peptidyl conformation andmakes con-
tact with the N terminus of helix G in �Hb. Mutations that sta-
bilize the cis-peptidyl conformation of free AHSP, also enhance
the �Hb conversion activity. These findings suggest that AHSP
loop 1 can transmit structural changes to the heme pocket of
�Hb, and, more generally, highlight the importance of cis-pep-
tidyl prolyl residues in defining the conformation of regulatory
protein loops.

Mammalian adult hemoglobin (HbA)5 is a tetramer of two
�Hb and two �Hb subunits, which is produced to extremely
high concentrations (�340 mg/ml) in red blood cells. Numer-
ousmechanisms exist to balance and coordinateHbA synthesis
in normal erythropoiesis, and problems with the production of
either HbA subunit give rise to thalassemia, a common cause of

anemiaworldwide. Previously, we identified�-hemoglobin sta-
bilizing protein (AHSP) as an accessory factor in normal HbA
production (1). AHSP forms a dimeric complex with �Hb (see
Fig. 1A) (2) but does not interact with �Hb or HbA. AHSP also
binds heme-free (apo) �Hb (3) andmay serve functions in both
the folding of nascent �Hb (4) and the detoxification of excess
�Hb that remains followingHbA assembly (2, 5).Mice carrying
anAhsp gene knock-out display mild anemia, ineffective eryth-
ropoiesis, and enhanced sensitivity to oxidative stress (1, 6),
features also observed in �-thalassemia patients due to the
cytotoxic effects of free �Hb.

Free �Hb promotes the formation of harmful reactive oxy-
gen species as a result of reduction/oxidation reactions involv-
ing the heme iron (7, 8). Reactive oxygen species can damage
heme,�Hb, and other cellular structures, resulting in hemoglo-
bin precipitates and death of erythroid precursor cells (9–12).
The presence of AHSPmay explain how cells tolerate the slight
excess of �Hb that is observed in normal erythropoiesis, which
is postulated to inhibit the formation of non-functional �Hb
tetramers, thus providing a robustmechanism for achieving the
correct subunit stoichiometry during HbA assembly (13).
Structural and biochemical studies have begun to elucidate

the molecular mechanism by which AHSP detoxifies �Hb.
AHSP binds to oxygenated �Hb to generate an initial complex
that retains the oxy-heme, as evidenced by a characteristic vis-
ible absorption spectrum (see Fig. 1B, middle) and resonance
Raman spectrum (5). This initial oxy-�Hb�AHSP complex then
converts to a low spin Fe3� complex (2), in which the heme iron
is bound at both axial positions by the side chains of His58 and
His87 from �Hb (see Fig. 1B, right). The formation of this com-
plex inhibits �Hb peroxidase activity and heme loss (2). Bis-
histidyl heme coordination is becoming increasingly recog-
nized as a feature of numerous vertebrate and non-vertebrate
globins (14) and has been shown previously to confer a relative
stabilization of the Fe3� over the Fe2� oxidation state (15–17).
Although bis-histidyl heme coordination has previously been
detected in solutions of met-Hb, formed through spontaneous
autoxidation of Hb (18–21), the bishis-�Hb�AHSP complex
provides the first evidence that the bis-histidyl hememay play a
positive functional role in Hb biochemistry by inhibiting the
production of harmful reactive oxygen species.
Despite its potential importance, the mechanism by which

AHSP influences heme coordination in its binding partner is
still unknown. As shown in Fig. 1A, AHSP binds �Hb at a sur-
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face away from the heme pocket, and thus structural changes
must somehow be transmitted through the �Hb protein. It is
intriguing that the free AHSP protein switches between two
alternative conformations linked to cis/trans isomerization of
the Asp29-Pro30 peptide bond in loop 1 (22) and that, in com-
plex with �Hb, this loop is located at the �Hb�AHSP interface
(see Fig. 1A). Peptide bonds preceding proline residues are
unique in that the cis or trans bonding conformations have
relatively similar stabilities (23), allowing an interconversion
between these conformations that can be important for protein
function (24, 25). Previous x-ray crystal structures of
�Hb�AHSP complexes have been obtained only with a P30A
mutant of AHSP, in which isomerization is abolished and the
Asp29-Ala30 peptide bond adopts a trans conformation, leaving
the potential structural and functional significance of the evo-
lutionarily conserved Pro30 undisclosed. Here, we demonstrate
a functional role for AHSP Pro30 in conversion of oxy-�Hb to
the bis-histidyl form and identify a specific structural role for a
cisAsp29-Pro30 peptide bond in this process. From amechanis-
tic understanding of how AHSP promotes formation of bis-
histidyl�Hb,wemay eventually be able to engineerAHSP func-
tion as a tool in new treatments for Hb diseases such as
�-thalassemia.

EXPERIMENTAL PROCEDURES

Protein Production—Full-length human AHSP (102 resi-
dues), and a construct with the C-terminal unstructured resi-
dues deleted (AHSP residues 1–90; AHSP-(1–90), were
expressed in Escherichia coli BL21 and purified as described
previously (3). The final purified proteins contained an addi-
tionalGly-Ser at theN terminus as a consequence of the expres-
sion system. �Hb from human blood was purified as described
previously (3). Isotopic labeling of ASHP was achieved by
expression in shaker flasks with 15NH4Cl and 13C-glucose as
sole nitrogen and carbon sources (26). Met-�Hb was prepared
from oxy-�Hb by oxidation with 5 molar eq of K3Fe(CN)6 and
filtered over Sephadex G-25 (Amersham Biosciences).
NMR Spectroscopy—AHSP and �Hb�AHSP complexes were

prepared at �1 mM concentration in 10–20 mM Na2HPO4/
NaH2PO4, pH 6.9 (95% 1H2O and 5% 2H2O) and 2 �M 5,5-di-
methylsilapentanesulfonate. Data were collected at 288 K
(AHSP-(1–90)), 298 K (AHSP) and 303 K (�Hb�AHSP com-
plexes) on Bruker Avance 600 and 800 MHz spectrometers,
processed in TOPSPIN (Bruker), and analyzed using SPARKY.6
Backbone assignmentswere obtained using standard triple-res-
onance solution NMR methods (27). Side chain 13C assign-
ments were made from the CC(CO)NH experiment (28). The
ratio of the cis/trans Xaa29-Pro30 peptide bond isomers was
determined from 15N-HSQC peak volumes.
X-ray Crystallography—A complex between oxy-�Hb and

AHSP residues 1–91 (AHSP-(1–91)) was produced as
described (5) and oxidized by 4molar eq of K3Fe(CN)6. Crystals
were grown at 4 °C using the hanging drop vapor diffusion
method. The well buffer contains 0.1 MMES, pH 6.5, 4% aceto-
nitrile, and 14.5% (w/v) PEG3000. The crystals, with a typical

dimension of 0.05� 0.05� 0.1mm3, belong to the space group
P6122 and contain two complexes per asymmetric unit. The
unit cell has a dimension of a � b � 65.23 Å and c � 439.66 Å.
Crystals were equilibrated in buffer containing 0.1 M MES, pH
6.5, 15% (w/v) PEG3000, and 21% (v/v) glycerol, and were flash
frozen under a cold nitrogen stream. The native data sets were
collected at the National Synchrotron Light Source X25 at the
Brookhaven National Laboratories. The data were processed
with Denzo and Scalepack (29). The structure was solved by
molecular replacement using AMoRe (30). The atomic models
of AHSP and �Hb were built using O (31) and refined using
CNS (32). The final refined atomic model, at 3.2 Å resolution,
contains residues 1–91 of AHSP and residues 2–136 of �Hb.
Isothermal Titration Calorimetry—Isothermal titration cal-

orimetry was carried out on a MicroCal VP-ITC instrument in
20 mM sodium phosphate (pH 7.0) at 20 °C. Oxy-�Hb,
CO-�Hb, or met-�Hb (40–100 �M) was injected into AHSP
(4–10�M). Sucrose (0.45 M)was included in all buffers for titra-
tions of met-�Hb to inhibit precipitation. AHSP��Hb binding
curves produced good fits to a simple 1:1 bindingmodel using a
non-linear least squares algorithm (supplemental Fig. S1).
Measurements of Oxy-�HbConversion Rates—Conversion of

�Hb (10 �M) to bishis-�Hb was measured by UV-visible
absorption spectroscopy at 30 °C in the presence of a 1.2 molar
excess ofAHSP in 20mMsodiumphosphate, pH7.0,with 10�M

diethylenetriaminepenta-acetic acid. After confirming the
presence of isosbestic points in the spectra at 529 and 592 nm,
the conversion rates were calculated by fitting the change in
absorbance at 576 nm to a three-parameter exponential
function.

RESULTS

Mutation of Pro30 Inhibits the Conversion of Oxy-�Hb to
Bishis-�Hb—To investigate the function of Pro30 in AHSP, we
generated a number of point mutants at this position and
assayed their ability to convert oxy-�Hb to the protective bis-
histidyl form. As shown in Fig. 1B, the oxy-�Hb�AHSP and
bishis-�Hb�AHSP complexes display characteristic visible
absorption spectra that allow the conversion process to be con-
veniently monitored. A series of representative spectra
obtained during conversion of oxy-�Hb�AHSP are shown in
Fig. 2A. Each spectrum can be fit as a sum of the pure oxy- and
bishis-�Hb�AHSP spectra, and the series displays isosbestic
points at 529 and 592 nm. The change in absorbance at 576 nm
was fit to a single exponential function (Fig. 2B, closed circles) to
obtain a rate constant. In comparison to the oxy-�Hb�AHSP
complex, the spectra of oxy-�Hb alone displayed only a minor
change at 576 nm (Fig. 2B, open squares) and lacked the isos-
bestic points at 529 and 592 nm, indicating a process distinct
from conversion to bis-histidyl �Hb (precipitation was
evident).
Upon mutation of Pro30 to any of the residues Ala, Phe, Gly,

Val, or Trp, we observed a �4-fold reduction in the rate con-
stant (p � 0.001) (Table 1 and Fig. 2C, lanes 5–9). The same
isosbestic points were observed in each reaction. In contrast,
alanine mutations introduced at positions 29 or 31 had minor
effects (Fig. 2C). These results indicate that efficient conversion

6 T. D. Goddard and D. G. Kneller, SPARKY 3, University of California, San
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of oxy-�Hb is dependent on properties of the Pro30 residue that
cannot be substituted by other residue types.
Isothermal titration calorimetry revealed that most of the

Pro30 mutants bound �Hb more tightly than wild-type AHSP
(Table 1), demonstrating that reduction in the �Hb conversion
rate did not correlate with the affinity of AHSP for �Hb. These
data suggest that Pro30 causes a comparative destabilization of
the initial oxy-�Hb�AHSP complex, while also lowering the
activation barrier for conversion to bishis-�Hb�AHSP.
We also determined the affinity of wild-type AHSP or

mutant AHSP-(P30A) for met-�Hb, a pre-oxidized form of
free �Hb. We have previously shown that met-�Hb reacts
with AHSP to rapidly form bishis-�Hb�AHSP, apparently
without the formation of an intermediate complex (5). We
found that the affinity of met-�Hb for AHSP and AHSP-
(P30A) is very similar (KD � 4.3 and 5.0 nM, respectively)
(supplemental Fig. S1), indicating that Pro30 does not signif-
icantly influence the thermodynamic stability of the final
bis-histidyl complex.
The cis/trans Conformation of the Peptide Bond between Res-

idues 29 and 30 of AHSP Correlates with Ability to Convert

Oxy-�Hb to the Bis-histidyl Form—Introduction of the P30A
mutation abrogates the cis/trans isomerization of AHSP,
resulting in a trans Asp29-Ala30 peptide bond (5, 22). The
remaining Pro30 mutants also adopt a single conformation,
assumed to be trans (as judged by one-dimensional NMR; data
not shown), and all display a similar 4-fold reduction in activity.
Prolyl cis/trans isomerization is known to modulate the func-
tion of numerous proteins (24, 25), raising the possibility that
the cis/trans conformation of the Asp29-Pro30 peptide bond
might be important for AHSP function. To investigate this
hypothesis, we made substitutions to amino acids surrounding
Pro30. Previous work on peptides (33, 34) and proteins (35, 36)
has established that the ratio of cis to trans prolyl conformers is
strongly influenced by the identity of the preceding residue.
We found that D29F and D29W mutations resulted in

enhanced �Hb conversion activity compared with wild-type
AHSP (Fig. 2C). In contrast, D29A, L31A, and L31Wmutations
inAHSPhad little effect on the�Hbconversion rate. To control
for effects of the D29Wmutation that might be unrelated to its
influence on the conformation of the Xaa29-Xaa30 peptide
bond, we generated a double mutant, D29W,P30A. Signifi-
cantly, this mutant had the same low activity as AHSP-(P30A)
(Fig. 2C, lane 12), confirming that the stimulating effect of the
D29Wmutation relies upon the presence of Pro30.

To investigate the structural consequences of these muta-
tions, we assigned backbone 15N, HN, and 13C� resonances for
the D29A, D29F, D29W, L31A, and L31W mutants. All
mutants displayed evidence of distinct cis/trans isomers (sup-
plemental Fig. S2). To assign these isomers, we used proline
side chain carbon resonances. The chemical shift difference
�(13C�)-�(13C�) for proline is diagnostic for the conformation
of the preceding peptide bond, with average values of 4.5 � 1.2
and 9.6� 1.3 ppm (�1 S.D.) observed for trans and cis isomers,
respectively (37). The relative abundances of the cis and trans
isomers were then calculated from 15N-HSQC peak volumes.
Overall, there was positive correlation between the fraction of
cis peptide in free AHSP and the conversion rate of the corre-
sponding oxy-�Hb�AHSP complex (Fig. 2D).
The Conformation of AHSP Is the Same in Oxy-�Hb and

Bishis-�Hb Complexes—To gain insight into the function of
AHSP Pro30 in oxy-�Hb conversion, we carried out structural
analyses of the initial oxy-�Hb�AHSP and final bishis-
�Hb�AHSP complexes. Although free AHSP exists as amixture
of two conformers, only a single conformer can be detected in
complex with �Hb by NMRmethods (5, 22). Using a construct
of AHSP in which the C-terminal unstructured residues were
deleted (AHSP residues 1–90; AHSP-(1–90)), we could obtain
complete backbone and proline side chain carbon assignments
in a complex with �Hb. We confirmed that AHSP-(1–90), and
mutants thereof, showed the same pattern of activity and con-
formational preference as the full-length proteins (Table 1 and
Fig. 2, C and D).
To prevent conversion of the initial �Hb�AHSP complex to

the bis-histidyl complex, we used carbonmonoxy-�Hb (CO-
�Hb) in the place of oxy-�Hb. Importantly, the 15N-HSQC
spectra of CO-�Hb�AHSP-(1–90) and oxy-�Hb�AHSP-(1–90)
are essentially identical (supplemental Fig. S3). The chemi-
cal shift difference �(13C�)-�(13C�) for Pro30 in the

FIGURE 1. Summary of �Hb�AHSP interactions. A, the �Hb�AHSP com-
plex(PDB code 1Z8U) (2). The interface is formed from helices 1 and 2 and
the intervening loop 1 (green) of AHSP, together with helices G-H and the
B-C corner of �Hb (cyan). B, detailed views of the heme binding site of �Hb
as it appears in oxy-HbA (PDB code 1GZX) (69) and the final bis-histidyl
�Hb�AHSP complex (PDB code 1Z8U) with two histidine ligands to the
iron. Typical visible absorption spectra in the region 450 –700 nm are
shown.
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CO-�Hb�AHSP-(1–90) complex
was 9.3 ppm, indicating a cis Asp29-
Pro30 conformation. In comparison,
Pro60 and Pro80 yield values of 3.7
and 2.6 ppm, respectively, and are
thus predicted to be in the trans-
peptidyl conformation, consistent
with our previous crystal struc-
tures (2, 5). A comparison of back-
bone chemical shifts between
AHSP-(1–90) and AHSP-(1–90,
P30A), both in complex with
CO-�Hb, reveals substantial differ-
ences in the conformation of loop 1
(Fig. 3A), consistent with the pres-
ence of a cis Asp29-Pro30 peptide
bond in CO-�Hb�AHSP-(1–90).
To determine whether AHSP

undergoes any conformation
changes concomitant with �Hb
conversion, we incubated unlabeled
oxy-�Hb with 15N-labeled AHSP-
(1–90) at 30 °C and recorded 15N-
HSQC spectra at 22-min intervals
for 18 h. The evolution of the final
bishis-�Hb�AHSP complex was
confirmed by UV-visible spectros-
copy. Only small changes in the
15N-HSQC spectra were observed
in this experiment (Fig. 3B, bars),
indicating only minor changes in
AHSP structure. These changes

were much less pronounced than the differences between the
cis/trans conformers of free AHSP-(1–90) (Fig. 3B, dashed line)
or between the cis and trans conformations of AHSP-(1–90)
andAHSP-(1–90,P30A) bound toCO-�Hb (Fig. 3A). Backbone
chemical shifts were also assigned for AHSP-(1–90,P30A), for
which peptide bond isomerization has been shown not to occur
(2, 5), in complex with CO-�Hb and bishis-�Hb. Small chemi-
cal shift differences were observed, and these were similar to
those observed for AHSP-(1–90). Together, these data reveal
that the structure of AHSP changes very little during �Hb con-
version, and that, in wild-type AHSP complexes, the Asp29-
Pro30 peptide bond is likely to remain in a cis conformation
throughout.
Crystal Structure of Wild-type bishis-�Hb�AHSP Complex—

To understand in more detail the influence of cis-peptidyl
Pro30 on the structure and function of �Hb�AHSP com-
plexes, we turned to x-ray crystallography. Despite extensive
efforts over three years, we were unable to produce crystals
of oxy-�Hb complexed with wild-type human AHSP. Finally,
after screening �8,000 different conditions, we eventually
generated small crystals of bishis-�Hb�AHSP-(1–91). The
structure of this complex was determined by molecular
replacement and refined to a 3.2 Å resolution (Fig. 4 and
supplemental Table S2).
Aside from loop 1 of AHSP, the conformations of individual

subunits within the bishis-�Hb�AHSP-(1–91) complex are vir-

FIGURE 2. Oxy-�Hb conversion rates for AHSP loop mutants. A, visible absorption spectra (450 –700 nm)
obtained over a typical oxy-�Hb�AHSP to bishis-�Hb�AHSP conversion time course (directions of spectral
changes are indicated by arrows). B, time courses of absorbance at 576 nm for oxy-�Hb alone (squares), the
oxy-�Hb�AHSP complex (filled circles), and complexes containing P30A (triangles) or D29W (open circles)
mutants of AHSP. Fits to single exponential functions are shown (solid lines). C, summary of oxy-�Hb conversion
rate data obtained for AHSP and AHSP-(1–90) carrying various mutations at positions Asp29, Pro30, Leu31, and
the double mutant D29W,P30A (error bars represent �1 S.D.; further details are provided in Table 1). D, a
correlation was observed between the fraction of AHSP present in the cis Xaa29-Xaa30 peptidyl conformation
and the �Hb conversion rate constant (correlation coefficient r � 0.75; p � 0.01). WT, wild-type.

TABLE 1
�Hb�AHSP interaction parameters

AHSP sequence
Affinity
constant
(KD)a

Oxy-�Hb
conversion rate

constantb

Proportion of
cis Xaa29–Xaa30

peptide

nM h�1

Wild-type AHSP 98 � 10 0.73 � 0.14 (n � 12) 0.42 � 0.04c
P30A 33 � 3.0 0.15 � 0.02 (n � 6) 0d
P30G 450 � 60 0.11 � 0.04 (n � 4) 0
P30V 42 � 7.0 0.22 � 0.04 (n � 4) 0
P30F 15 � 2.9 0.19 � 0.06 (n � 6) 0
P30W 7.7 � 2.3 0.18 � 0.05 (n � 5) 0
D29A 250 � 30 0.57 � 0.02 (n � 5) 0.70 � 0.05
D29F 0.98 � 0.12 (n � 5) 0.73 � 0.04
D29W 53 � 4.2 1.12 � 0.10 (n � 5) 0.77 � 0.03
L31A 0.67 � 0.18 (n � 5) 0.25 � 0.04
L31W 0.53 � 0.14 (n � 5) 0.52 � 0.04
D29W,P30A 0.22 � 0.07 (n � 5) 0
AHSP-(1–90) 93 � 5 0.59 � 0.07 (n � 9) 0.39 � 0.05
P30A-(1–90) 0.26 � 0.08 (n � 3) 0
D29A-(1–90) 0.54 � 0.01 (n � 3) 0.61 � 0.04
D29F-(1–90) 1.1 � 0.11 (n � 4) 0.66 � 0.04
D29W-(1–90) 1.3 � 0.22 (n � 5) 0.70 � 0.05
D29W,P30A-(1–90) 0.15 � 0.03 (n � 2) 0

a Values from single isothermal titration calorimetry experiments, with fitting
errors for unweighted non-linear least squares regression analysis usingMicroCal
Origin software. Representative data are shown in supplemental Fig. S1. AHSP
binding to oxy- or CO-�Hb yielded identical KDwithin the bounds of experimen-
tal error (supplemental Table S1).

b Determined fromUV-visible absorption spectroscopy at 30 °C. Themean and S.D.
for n independent measurements are reported.

c Calculated from 15N-HSQC peak volumes at 25 °C: a mean value (� 1 S.D.) for all
residues where amide signals from both the cis and transXaa29-Pro30 isomers can
be resolved. Data from two independently prepared samples were combined.

d P30Xmutants adopted a single conformer in the basis of one-dimensional NMR.
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tually identical to their counterparts in our previously deter-
mined structure of bishis-�Hb�AHSP-(1–91,P30A) (Fig. 4), and
the interaction interface comprises the samenetwork of van der
Waals interactions and hydrogen bonds as described for the
earlier structure (2).
In contrast, a marked difference is observed in the organiza-

tion of AHSP loop 1 in the two bis-histidyl complexes (Fig. 4, B
and C) that mirrors our NMR findings for the CO-�Hb com-
plexes (Fig. 3A). The x-ray structure confirms the existence of a
cis Asp29-Pro30 amide bond in AHSP (Fig. 4D) and reveals the
significant effect of this bond on themolecular structure of loop
1. In bishis-�Hb�AHSP-(1–91,P30A) the backbone amides of
loop 1 residues Asp29 and Ala30 form hydrogen bonds with the
backbone carbonyls of Val26 and Phe27, respectively, giving rise
to a single helical turn in AHSP loop 1 (Fig. 4E). The same
hydrogen-bonding pattern is precluded in the wild-type AHSP
because proline lacks an amide proton. Instead, the Pro30 loop
projects out further toward �Hb (Fig. 4F). In this position, the
carbonyl of Pro30 forms a hydrogen bond with the Lys99 side
chain of helix G in �Hb, and the Pro30 side chainmakes van der
Waals contacts with the backbone of Pro95 in helixG. TheAla30
side chain faces away from �Hb and makes no contacts with
�Hb. Thus, the distinguishing feature of the wild-type bishis-
�Hb�AHSP interface, which could not be inferred from prior
crystallography studies, is the packing of the rigid Pro30 side
chain against helix G of �Hb.

DISCUSSION

Recently, we obtained the first evidence that bis-histidyl
heme coordination may have a positive functional role in
detoxification of �Hb, by inhibiting the production of harmful
reactive oxygen species (2). Defining the role of bis-histidyl
heme coordination in erythroid biology should also provide
insights into the functional properties of bis-histidyl heme
structures in other systems, such as the hemoglobins of some
arctic fish species (38) and other mammalian globins such as
neuroglobin and cytoglobin (39). Ultimately, understanding

how and why AHSP promotes formation of bis-histidyl �Hb
may allow us to design experimental strategies tomodify AHSP
function in new treatments for thalassemia (40).

FIGURE 3. AHSP-(1–90) contains a cis Asp29-Pro30 peptide bond in com-
plex with CO-�Hb and bishis-�Hb. A, mean weighted chemical shift differ-
ences (15N, HN, and 13C� nuclei; ��N,HN,C�) between AHSP-(1–90) and AHSP-
(1–90,P30A) in their respective complexes with CO-�Hb. Structural
differences are limited to the Pro30 loop. B, mean weighted chemical shift
changes for residues in AHSP upon conversion from the CO-�Hb�AHSP-(1–90)
complex to the bishis-�Hb�AHSP-(1–90) complex (bars). Shift changes in the
Pro30 loop are small compared with the differences between the cis and trans
Asp29-Pro30 isomers of free AHSP-(1–90) (dashed line).

FIGURE 4. Structural features of the wild-type bishis-�Hb[chemp]AHSP-(1–
91) complex. Backbone overlays of the individual subunits of the bishis-
�Hb�AHSP-(1–91) (yellow; PDB code 3IA3) and bishis-�Hb�AHSP-(1–91,P30A)
(blue; PDB code 1Z8U) complexes showing�Hb subunits (root mean square devi-
ation of 0.4 Å over 135 aligned backbone C� atoms) with conserved bis-histidyl
heme coordination (A) and AHSP-(1–91) with Ala30 and Pro30 side chains shown
in space-fill (B). C, plot of the distance between C� positions for the AHSP align-
ment shown in B. D, stereo view of the cis Asp29-Pro30 conformation of the Pro30

loop in the bishis-�Hb�AHSP-(1–91) complex. The electron density 2Fo � Fc map,
contoured at 1.0 �, is shown in green. E, detail of the bishis-�Hb�AHSP-(1–
91,P30A) complex showing intramolecular backbone hydrogen bonding in the
loop. F, detail of the bishis-�Hb�AHSP-(1–91) complex showing the Pro30 side
chain positioned close to the backbone of Pro95 (spheres) in helix G of �Hb (�G).
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Our current findings indicate that loop 1 of AHSP plays an
important role in the transmission of structural changes to the
heme pocket of �Hb. A cis Asp29-Pro30 bond is an important
structural and functional feature of AHSP in complex with
�Hb. This conclusion was not evident from previous studies,
which were expedited by the favorable effects of a P30A muta-
tion upon crystallization.
TheMechanism of oxy-�HbConversion—Conversion of oxy-

�Hb to the bis-histidyl conformation involves a significant
reorganization of the �Hb subunit, an rms shift of 3.2 Å over
135C� atoms comparedwithHbA (2). Despite this, we find that
AHSP retains a remarkably similar conformation throughout
the conversion process, making it unlikely that the reorganiza-
tion of the�Hb subunit is driven by a conformational change in
AHSP. Rather, we liken the initial binding of AHSP to oxy-�Hb
to the setting of a “molecularmousetrap” in which some type of
strain is introduced into the structure of oxy-�Hb that is sub-
sequently released in a structural rearrangement of the �Hb
subunit alone. Several lines of evidence suggest that this rear-
rangement is coupled with autoxidation of the heme iron. First,
AHSP can bind to deoxy-�Hb but cannot convert the Fe2�

heme to a bis-histidyl structure (41, 42). A preference for Fe3�

over Fe2� has previously been observed in other bis-histidyl
heme proteins (15–17). Second, conversion of Fe3� met-�Hb,
which at physiological pH contains only a weakly bound water
molecule in the distal heme pocket, occurs simultaneously with
(or very rapidly after) binding to AHSP, suggesting that disso-
ciation of superoxide is the rate-limiting step in the conversion
of oxy-�Hb�AHSP.
In the mousetrap mechanism, the function of AHSP appears

to be 2-fold: to enhance the rate of heme autoxidation and to
reduce the barrier to bishistidyl coordination imposed by the
protein matrix. Presumably, the key to understanding how
AHSPpotentiates autoxidation lies in the structure of the initial
oxy-�Hb�AHSP complex. Although we have been unsuccessful
in attempts to crystallize this complex, we have been able to
obtain an x-ray crystal structure of the AHSP-(1–91,P30A)
mutant bound to oxy-�Hb (5), possibly because of the slow
conversion of the P30A mutant complex at 4 °C. The presence
of a detergentmolecule in the heme pocket warrants some cau-
tion in interpreting this structure. Nevertheless, it provides a
fortuitous opportunity to gain possible insights into the AHSP
mechanism. Strikingly, the F-helix of �Hb, which carries the
proximal His87 in native �Hb, is disordered in this crystal. A
predicted increase in hydration of the heme (43), and/or a
greatermobility of the heme-pocket histidines (18, 44) are plau-
sible explanations for the comparatively rapid autoxidation of
the oxy-�Hb�AHSP complex. Byway of comparison, it is known
that even relativelyminor changes in the hemepocket structure
can have significant effects on the stability of oxy-heme. For
example, anMbmutant with the side chains of His64 and Val68
interchanged adopts a bis-histidyl heme coordination geome-
try and undergoes very rapid autoxidation in the presence of
oxygen (45).
The current study suggests one mechanism by which AHSP

may destabilize the oxy-�Hb structure. In bishis-�Hb�AHSP,
the Pro30 side chain makes contact with helix G of �Hb, and
NMR data indicate that a similar conformation of the Pro30

loop is present in the initial oxy-�Hb�AHSP complex.Mutation
and thermodynamic data indicate that Pro30 destabilizes the
oxy- but not the bishis-�Hb�AHSP complex, leading to the
hypothesis that Pro30 introduces a steric clash with the N ter-
minus of helix G in oxy-�Hb. Such an interaction might be one
factor promoting a strained mousetrap conformation in �Hb.
Indeed, comparison of the oxy-�Hb�AHSP-(1–91,P30A) and
bishis-�Hb�AHSP-(1–91) crystal structures shows that the
Pro30 loop conformation could not be accommodated in the
former structurewithout some displacement of helixG.Distor-
tion of helix G in �Hb is a plausible route through which AHSP
might disrupt the structure of the adjacent F-helix and conse-
quently the heme pocket. Clearly AHSP-(P30A) retains some
ability to stabilize bishis-�Hb indicating that additional con-
tacts must also be involved.
In the �Hb�AHSP complex, bonding of a second histidine

side chain to the ferric heme iron stabilizes a switch in the
conformation of �Hb to a less redox active state. Mousetrap
models have been invoked to describe other systems in which a
transition between two alternate protein conformations is trig-
gered in response to a highly localized bond rearrangement
(46–48). The serpin class of serine protease inhibitors is one
notable example. Cleavage of a serpin by its targeted protease
triggers a large conformational change that traps the protease
in an irreversible complex (46).
Evolutionary Conservation of Pro30—The importance of

Pro30 for AHSP function is highlighted by its conservation
across species. Interestingly, AHSP from the South American
opossum Monodelphis domestica is one of the very few AHSP
sequences to lack a proline residue in loop 1. The opossum�Hb
sequence is also highly unusual in lacking a distal histidine,
precluding the adoption of bis-histidyl coordination geometry
and providing indirect support for the hypothesis that Pro30 is
present to optimize the formation of the bis-histidyl complex.
In addition to sequestering and detoxifying excess �Hb, mouse
knock-out studies suggest that AHSP may also function as an
�Hb-specific chaperone during Hb folding (4). The function of
AHSP in vivomight well involve a subtle balance between these
activities, and it may be that Pro30 has been adopted during
evolution to optimize the rate of free �Hb conversion. Such
relatively small changes in protein activity can be highly signif-
icant at the level of cell and organism function.A familiar exam-
ple is haploinsufficiency, in which inheritance of one defective
allele reduces the expression of the respective protein �2-fold
and results in disease (49).
A Stable cis-Peptidyl Proline Motif That Defines an Active

Loop Conformation—Proline residues are unique in that the cis
or trans conformations of a preceding peptide bond have rela-
tively similar stabilities (23). Interconversion between these
conformations can influence protein folding (50) and function
(24, 25). Alternatively, our results indicate that a stable cis pep-
tide bond can confer important structural and functional prop-
erties, in this case driving a conformational change in a partner
protein.
The cyclic structure of proline restricts the phi backbone

dihedral angle, and, consequently, proline residues are associ-
ated with restricting protein loop mobility (51–53). Further-
more, a cis Xaa-Pro bond introduces more severe steric con-
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straints on � and � backbone angles than occurs for transXaa-
Pro bonds (54). Consequently, cis and trans Xaa-Pro motifs
have distinct structural preferences: a survey of the PDB reveals
that cis Xaa-Pro is most commonly found in bend structures
(regions where the backbone changes direction by 	70 ° in the
absence of backbone hydrogen bonding) (55) and least likely to
appear in helical conformations (56). In addition, the lack of an
amide protonmeans that proline cannot act as a hydrogen bond
donor to stabilize regular secondary structure. Accordingly,
loop 1 in bishis-�Hb�AHSP crystal structure contains a bend
that is replaced by a helical segment in the bishis-�Hb�AHSP-
(P30A) structure. This helical turn compacts loop 1 and pre-
vents contact with helix G of �Hb.

CisXaa-Promotifs have been found to play precise structural
roles in several protein folds (57–59), active sites (60–65) and
protein interaction surfaces (66–68). Here we provide struc-
tural data to show that, within the �Hb�AHSP complex, the cis
Asp29-Pro30motif introduces intersubunit contacts that poten-
tiate autoxidation of oxy-�Hb. We envisage that cis-peptidyl
proline may play a general role in defining the structure of reg-
ulatory protein loops.
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