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Human hemoglobin (Hb), arf3, tetrameric hemoprotein
arranged as a dimer of identicaB dimers, has evolved to allow
efficient transport of oxygen from the lungs to tissues. Perhaps the
most remarkable property of Hb is cooperativity that is generally
explained as the result of a shift in the equilibrium between the
two quaternary structures from the low-affinity T (tense) state to
the high-affinity R (relaxed) state during oxygenatioHowever,
the binding of oxygen to Hb is further modulated by protons,
chloride ions, and inorganic phosphate that preferentially stabilize
the T state and facilitate the release of oxygen from Hb when it
reaches the tissu@sMuch of our knowledge of the control
mechanisms of Hb is based on the X-ray crystal structures of T-state
deoxyhemoglobin (deoxyHb) and R state oxyhemoglobin (oxyHb).
However, the invisibility of hydrogen (H) atoms in X-ray crystal-
lography has hindered the direct visualization of the proton
distribution of Hb in each allosteric state. Neutron crystallographic
analysis can locate the H atoms even at medium resol@ititere
we present the first neutron crystal structure of human deoxyHb.

Our structure reveals unexpected protonation states of some buried

histidine residues, including distal histidine residues in both
subunits, and provides new insight into the mechanisms of pH-
dependent control of oxygen affinity.

A large crystal of human adult deoxyHb 43 x 3 mn¥) grown
from D,O solution (pD 6.3) was used for neutron diffraction
experiments (Supporting Information). The preliminary experiment
was carried out at the KUR reactor in RRI of Kyoto University,
and the diffraction data set to 2.1 A resolution was collected at
JRR-3M reactor in JAEA using the BIX-3 diffractometegince
all labile H atoms (either N- or O-linked) have been replaced by
deuterium (D) atoms during crystallization in,® solution,
protonation can be identified as positive peaks near theaNd
N., atoms of histidines (Supporting Information). In this study, the
protonation of 10 ordered histidines out of the total 19 histidines
(per a3 dimer) was determined by the strong positive densities
(>+2.50) at D positions in omit{F,|—|F¢| maps, in which all the
histidines had not been included in the initial model (Table 1).

Because the protonation states of these histidines are very similarP

between each of the crystallographically independerénd
subunits, thea; and 81 subunits are selected for presentation in
the results and figures.

Figure 1 shows neutron|R,|—|F.| Fourier maps for vicinities
of the a- and-heme groups of deoxyHb at pD 6.3. For the heme-
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Table 1. Statistics Regarding the Protonation States of 10
Ordered Histidine Residues in Human Deoxyhemoglobin?

residue in a3, dimer in a3, dimer note

a45 De2(3.5) Do(3.3)

a58 Ds1(3.6), D2(3.3)  Ds1(3.3), Do(3.9)  distal histidine
a72 D62(3.5) D62(3.3)

a87 Ds1(4.2) Ds1(4.2) proximal histidine
o103  Ds(4.2), Do(4.4)  Dsi(4.3), Do(4.4)  auffr/agf contact
oll2  Do(4.7) D.2(3.5)

al22  Dy(4.5) D.2(3.4) ouffr/afz contact
p63 Ds1(3.1), D2(2.8)  Ds1(2.8), Do(3.6)  distal histidine
p92 Ds1(3.8) Ds1(4.4) proximal histidine
ﬁllG D§1(3.4), D€2(4.l) D51(3.2), D€2(38) (ljﬂl/azﬁz contact

aValues in parentheses are for peak height for D positions.

Figure 1. Refined 2F,|—|F¢| neutron Fourier maps superimposed on the
ball-and-stick model around the (@) heme and (bj; heme. The plane of
each heme group is placed perpendicular to the paper. The blue contours
show+1.50 densities. The elements are colored white, green, yellow, blue,
red, and purple for H, D, C, N, O, and Fe atoms, respectively.

linked proximal histidines, H®87 and Hig92, there is a strong
positive density at the B position, consistent with N being
protonated, whereasNis bonded to the heme iron. However, the
rotonation states of distal histidines are unexpected. Both distal
histidines, His'58 and Hig63, adopt a positively charged, fully
(doubly) protonated form, as evidenced by well-defined positive
densities at both R and D, positions (Figure 1 and Table 1). This
finding sharply contrasts with existing results on R state liganded
Hbs where such full protonation can never occur. For example, a
heteronuclear NMR study of CO-bound Hb at pH 6.5 shows that
both distal histidines exist in the neutral,NH tautomer, deproto-
nated at N; atoms® The same is true for oxyHbFrom these data
taken together, we find that thé&Kpvalues of distal histidines are
markedly higher in deoxyHb than in liganded Hbs. This previously
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Figure 2. Histidine residues at the;3; interface: (a) the schematic diagram

showing the locations of these three histidine residues. Red and blue sticks

indicate G _backbone of; and 1 subunits, respectively. fbd) Neutron
2|Fo|—|F¢| Fourier maps contoured at &.%evel around (b) Hie103, (c)
Hisa122, and (d) Hi§116 in theays; dimer.

unrecognized g, change is of physiological relevance because it

ensures that both the- and$-distal histidines play a certain role
in the Bohr effect of Hb.

they are related to the mechanisms of the alkaline Bohr effect. Two
factors are known to contribute to the full expression of the alkaline
Bohr effect of Hb, namely, the release of protons associated with
quaternary structural transition from the T state to the R state, and
those associated with oxygen binding by the T state of Hb, the
so-called “T-state Bohr effect” (or tertiary Bohr effect within the
T state). The former factor has been correlated to the imidazole
groups of surface histidines such as/#i46, Hisx20, and His89,

and other proton binding site (e.g., theamino group of Vak1),
whose [K, values fall in the physiological pH range but differ
between the T and R conformation of MbOn the other hand, the
T-state Bohr effect is only addressed briefly for lack of information
about local tertiary structural changes within the T quaternary
structure?® Our present results suggest an interesting possibility
that both then- andg-distal histidines, Hia58 and Hig63, could
contribute to the T-state Bohr effect of Hb. Indeed, the protonation/
deprotonation of each distal histidine may have a direct impact on
the oxygen affinity of the nearby heme group through sterical
hindrance and/or polarity change in the heme pocket without
affecting the allosteric equilibrium of Hb.

In conclusion, the neutron crystal structure of human deoxyHb
reveals that both the- andj-distal histidines (Hia58 and Hig63)
adopt a positively charged, fully (doubly) protonated form, sug-
gesting their contribution to the T-state Bohr effect of Hb. In
addition, this study demonstrates the power of neutron crystal-
lography to better define intersubunit H-bonding networks of large
oligomeric proteins.
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Supporting Information Available: Experimental details, data
statistics, and a complete table of neutron densities for protonation sites
of all histidine residues in deoxyHb. This material is available free in

The neutron structure also reveals the protonation states of thecharge via Internet at http:/pubs.acs.org.

other three buried histidine residues, t193, Hisx122, and
Hisf3116, which are located across the intradimerig1 contact
of Hb (Figure 2a and Table 1). Of the three, the tacsubunit
histidines, Hist103 and Hist122, are completely buried within the
oy interface and have been suggested to have very kgwalues
(<5.6) in both deoxy- and CO-bound HBOur structure shows,
however, that Hig103 is doubly protonated and acts as a H-bond
donor, which is capable of satisfactorily connecting ¢heand 5,
subunits (Figure 2b): M—D., forms a H-bond to the side-chain
carbonyl of GI$131, and N;—Ds; makes a water-mediated
H-bonding network connecting the hydroxyl group of 86, the
carboxyl group of Asp126, and the y—D., group of Hisx122.
On the other hand, as expected, ddig2 exists in the N—D.,
tautomer: N,—D., forms a water-mediated H-bond with the
hydroxyl group of TyB35, and deprotonatedsNis able to make
a close contact with the guanidinium group of A89 by H-bond
(Figure 2c). We also found that partially exposed/His6 (near
the edge of they3; interface) is doubly protonated, with itsN-
D., group H-bonding to the main-chain carbonyl of td4 (Figure
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