the infected cell. Thus, the cell-to-cell transmission can be
categorized into two manners based on the state of infecting
viruses, either cell-free or cell-associated virions.

Influenza virus, belonging to the family of Orthomyxoviridae, is one
of the most serious zoonotic pathogens and causes seasonal
epidemics or periodic pandemics among human beings around the
world. The viral envelope consists of a lipid bilayer derived from
cells that anchors three of wviral transmembrane proteins,
hemagglutinin (HA), neuraminidase (NA), and matrix protein 2
(M2). Influenza virus infection is initiated by the attachment of HA
on virus particles to cell surface receptors containing sialic acids
[12]. It has been known that the specific interaction between HA
and sialic acid species is one of the determinants of the host range
of influenza viruses [13]. Beside its role in the viral attachment,
HA is also involved in intracellular fusion between viral envelope
and host cell endosome membrane in the endocytotic pathway, by
which the virus content is released iside the host cell [14]. The
functional maturation of HA is mediated by the cleavage of HA
mto two disulfide-linked glycopolypeptides, HA1 and HA2 [15],
accomplished by trypsin or trypsin-like proteases derived from host
cells [16-19]. The membrane fusion is induced by a conforma-
tional change in the mature HA, which is triggered at low pH in
the endosome, allowing viral ribonucleoprotein complexes to
release into the cytoplasm [20,21]. Thus, HA plays a critical role
in initiation and progression of influenza virus infection. Influenza
virus NA possesses the enzymatic activity that cleaves a-ketosidic
linkages between terminal sialic acids and adjacent sugar residues
of cellular glycoconjugates [22]. The sialidase activity of NA
removes terminal sialic acid residues from HA and NA proteins as
well as host cell surface glycoproteins. Since the terminal sialic acid
of sialyloligosaccharides is critical for HA binding, the receptor-
destroying activity of NA serves to counter the receptor-binding
activity of HA. It is quite likely that this activity contributes to
prevention of successive superinfection of an infected cell [23]. In
the absence of the functional sialidase activity, progeny virions
aggregate on the cell surface due to the HA receptor-binding
activity and can not be released [24,25]. Thus, NA cleaves sialic
acids from the cell surface and facilitates virus release from
infected cells. However, it is not clear whether every progeny
virion is released as cell-free virion to infect the uninfected cells after
diffusion into the extracellular environment. Influenza viruses are
generally transmitted as cell-free viruses from infected to uninfected
cell but they may also infect through the cell-to-cell transmission,
in particular during local lesion formation.

Here, we examined whether influenza virus transmits from an
infected cell to adjacent uninfected cells without virus release. Live
cell imaging techniques showed that a recombinant influenza
virus, in which the N4 gene was replaced with the green fluorescence
protein gene, spreads from an infected cell to adjacent cells forming
infected cell clusters. Furthermore, progeny virions remain
associated on the surface of infected cell even after budding, and
then progeny virions could be passed to adjacent uninfected cells.

Results

Influenza virus can spread in an NA-independent manner
to adjacent cells

To examine the transmission pathway of influenza virus, we
performed immunofluorescence analyses by using anti-nucleopro-
tein (NP) polyclonal antibody. Influenza virus can form an
infection center even in the presence of oseltamivir, a potent NA
inhibitor (commercially known as Tamiflu) [26-28]. Oseltamivir
at the concentration of 50 pg/ml completely prevented the release
of progeny influenza viruses (Figure 1A). Noted that a large
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Figure 1. Influenza viruses can spread independent of the NA
activity. (A) MDCK cells were infected with influenza virus A/WSN/33 at
a multiplicity of infection (MOI) of 0.001 PFU per cell. At 48 hours post
infection (hpi), culture supernatant was collected, and then its virus titer
was determined by plaque assays. Each result was represented by a
value relative to that in the absence of the drug. Error bars indicate
standard deviation (s.d.) from 3 independent experiments. (B) Confluent
MDCK cells were infected by wild-type influenza virus A/WSN/33 or NA-
deficient influenza virus at MOI of 0.0001 in the presence or absence of
50 ug/ml oseltamivir phosphate. NA-deficient influenza virus was
generated by reverse genetics as previously described [29]. After
incubation at 37°C for 36 hours, immunofluorescence analyses were
performed using anti-nucleoprotein (NP) polyclonal antibody and anti-
rabbit 1gG antibody conjugated to Alexa Fluor 568 (Invitrogen). Scale
bar, 100 pm.

doi:10.1371/journal.pone.0028178.g001

number of single fluorescent foci caused by initial infection
markedly expanded and formed cell clusters consisting of 5-10
mfected cells in an MDCK cell monolayer (Figures 1B and S1),
suggesting influenza virus can spread to some extent in the
presence of oseltamivir. To verify that NA is not involved in this
spreading, we generated an NA-deficient influenza virus by a
reverse genetics method as described previously [29,30]. The NA-
deficient influenza virus contains a mutated NA segment, in which
the NA coding region including a sialidase catalytic domain was
replaced with the enhanced green fluorescent protein (EGFP) gene [29].
By this replacement, the NA activity is eliminated from the
recombinant influenza virus, and £GFP can be utilized as a marker
for viral infections. Immunofluorescence analyses demonstrated
that the NA-deficient influenza virus also forms infected cell
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clusters similarly to those formed by wild-type influenza virus in
the presence of oseltamivir (Figure 1B). The fluorescence pattern
of NP overlapped with the localization of GFP derived from the
EGFP gene of the NA-deficient influenza virus (Figure S2). Thus,
NA-deficient influenza virus can be used to investigate the NA-
independent infection pathway of influenza virus.

Next, we performed live cell imaging analyses to directly
observe the infection time course of the NA-deficient influenza
virus. The GFP fluorescence derived from the NA-deficient
influenza virus first appeared in a single cell on an MDCK cell
monolayer at 24 hours post infection. The virus started to spread
from an infected cell to adjacent cells in 5-6 hours after the first
appearance of a GFP-positive cell (Figure 2 and Video S1). The
spreading rate was clearly faster than the rate of cell divisions. The
mean doubling time of uninfected MDCK cells was 20-24 hours
under the condition employed here, and it is expected that the
proliferation speed would be much slowly because infected
MDCK cells were maintained in the serum-free medium and
formed cell monolayer at the high cell density. These suggest that
NA-deficient influenza viruses may infect adjacent cells through
the cell-to-cell transmission mechanism without apparent produc-
tion of cell-free virions.

Cell-to-cell transmission pathway of influenza viruses is
less sensitive to neutralizing antibody

The cell-to-cell virus transmission pathway could be interpreted
as one of viral evolving strategies to avoid neutralizing antibody
responses  [2,31,32]. Therefore, we examined the effect of
neutralizing antibody on NA-deficient influenza virus. A poly-
clonal antibody with the neutralizing activity against influenza
virus particles inhibited infection of cell-free viruses to less than 50%
at the concentration of 0.03%, although the cell cluster formation
was observed at the concentration less than 0.01%. On the other
hand, the NA-independent transmission of the NA-deficient
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influenza virus was blocked only when neutralizing antibody was
present at the concentration of 0.3% (Figure 3). These results
indicated that the NA-independent transmission of influenza
viruses 1s less sensitive to the neutralizing antibody.

NA-independent transmission of influenza virus is HA-
dependent

Next, to investigate the mechanism of NA-independent
transmission of influenza virus, we examined whether HA is
involved in this transmission. In the absence of the NA activity,
virus spreading from an infected cell to adjacent cells was
dramatically suppressed by omission of trypsin, essential for
maturation of HA, from the experimental condition (Figure 4A).
The GFP fluorescence derived from NA-deficient influenza virus
appeared in a single cell at 24 hours post infection. However, this
virus did not spread, but rather disappeared during subsequent
24 hours (Video S2). These observations indicate that the NA-
independent cell-to-cell transmission of influenza virus is depen-
dent on HA maturation mediated by trypsin, as is the case for the
general cell-free transmission of this virus.

To clarify whether virus particles or viral RNP complexes are
transmitted to adjacent cells, we examined the effect of
amantadine on the cell-to-cell transmission of influenza virus.
Amantadine inhibits the early step of uncoating of influenza virus
RNP from virion in endosomes [33,34]. For this study, other
influenza virus strain, influenza virus A/Udorn/72, was used
instead of influenza virus A/WSN/33 because influenza virus A/
WSN/33 is highly resistant to amantadine [35]. We confirmed
that influenza virus A/Udorn/72 is sensitive to oseltamivir (Figure
S3) and could also spread via cell-to-cell transmission independent
of the NA activity as did for influenza virus A/WSN/33
(Figures 1B and 4B). In the case of a single administration of
amantadine, fluorescent foci derived from infected cells scattered,
and the number of single foci was greatly decreased compared

Figure 2. NA-deficient influenza virus spreads through cell-to-cell transmission. Confluent MDCK cells were infected with the NA-deficient
influenza virus at MOI of 0.0001. After incubation at 37°C for 24 hours, a single GFP-positive cell, in which the recombinant virus replicated, was found
at 1 hour after starting monitoring, and then this cell and its neighborhood were traced during the period from 24 hpi to 48 hpi at interval of 1 hour.

Scale bar, 50 pm.
doi:10.1371/journal.pone.0028178.g002
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Figure 3. The cell-to-cell transmission of the NA-deficient influenza virus is less sensitive to the neutralizing antibody. (A) Infection of
the wild-type and (B) NA-deficient influenza virus were performed in the presence or absence of antiserum containing neutralizing antibodies.
Immunofluorescence analyses were performed with cells infected with wild-type influenza virus at 18 hpi using anti-NP antibody and anti-rabbit IgG
antibody conjugated to Alexa Fluor 488 (Invitrogen). GFP fluorescence derived from the recombinant virus was observed at 36 hpi. Scale bar, 100 pm.
(C) The level of viral spreading was indicated in the graph by measuring NP and GFP derived from wild-type and NA-deficient virus, respectively. Five
different microscope fields were taken randomly, and then the intensity of green color was analyzed with ImageJ NIH image processing software.
Each result was represented by a value relative to that in the absence of neutralizing antibodies. Error bars indicate s.d. from 3 independent

experiments.
doi:10.1371/journal.pone.0028178.g003

with that in the absence of the drugs. In contrast, a single
administration of oseltamivir, fluorescent foci formed some clusters
and expanded in a time-dependent manner (Figure 4B). This
dissimilarity of inhibitory manner was caused by the difference of
the sites of action between amantadine and oseltamivir. Aman-
tadine inhibits the replication of influenza A virus by preventing
the translocation of vRNP complexes from endosomes to the
cytoplasm, whereas oseltamivir has no effects on viral replication
itself but inhibits the release of cell-free virions from infected host
cells. We investigated the inhibitory effect of amantadine on the
cell-to-cell transmission of influenza viruses. The formation of
infected cell clusters was observed with co-administration of
amantadine and oseltamivir, as well as with a single administration
of oseltamivir (Figure 4B). However, the quantitative analysis
revealed that the size of infected cell clusters with the co-
administration were decreased as compared to that with
oseltamivir alone (Figure 4C). These observations indicated that
the NA activity-independent cell-to-cell transmission of influenza
virus was susceptible to the inhibitory effect of amantadine,

@ PLoS ONE | www.plosone.org

suggesting that the cell-to-cell transmission undergoes through
endocytosis but VRNP complex itself is not incorporated in the
infected cells by adjacent cells.

Cell-to-cell transmission occurs on the apical cell
membrane

The virus transmission undergoes from infected to uninfected
cells through either basolateral [36-38] or apical [39-42] sides. In
the case of influenza virus, cell-free progeny virions are released
only from the apical surface of polarized epithelial cells [43]. This
releasing polarity is achieved by directed transport of viral
membrane proteins to the apical plasma membrane [44]. Indeed,
that HA and NA glycoproteins are associated with lipid rafts, and
the raft association has been implicated in apical transport [45,46].

To determine whether or not the cell-to-cell transmission of the
NA-deficient influenza virus occurs on the apical surface, we
performed transwell assays in the presence of the neutralizing
antibody to influenza A viruses. The neutralizing antibody was
added to infected MDCK cell monolayer from apical or
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Figure 4. The cell-to-cell transmission of the NA-deficient influenza virus requires functional HA. (A) Confluent MDCK cells were infected
with the NA-deficient influenza virus at MOI of 0.0001 in the presence or absence of 1 pg/ml trypsin. GFP fluorescence derived from the recombinant
virus was observed at 36 hpi. Scale bar, 100 pm. (B) MDCK cells were infected with influenza virus A/Udorn/72 at moi of 0.0001 in the presence or
absence of 50 uM amantadine or 50 pg/ml oseltamivir phosphate. Amantadine at the concentration of 50 uM almost completely inhibited the
production of progeny virions (data not shown). After incubation for 12, 24, and 48 h, immunofluorescence analyses were performed using anti-NP
antibody and anti-rabbit IgG antibody conjugated to Alexa Fluor 488 (Invitrogen). Viral NP and nuclear DAPI staining are shown in green and blue,
respectively. Scale bar, 100 pm. (C) Median sizes of clusters were shown as box plots summarizing sizes of 60 individual infectious foci formed in the
presence of oseltamivir alone, or both oseltamivir and amantadine. Immunofluorescence analyses were performed as described in (B) at 24 hpi. Boxes
enclose the lower and upper quartiles; thick horizontal lines represent the median; dashed lines indicate the extreme values; and black dots are
outliers of individual infectious foci. The size of infectious foci was measured with AxioVision Release 4.7.2 imaging software (Carl Zeiss). Median sizes

shown in red letters were clearly different from each other (p<0.01).
doi:10.1371/journal.pone.0028178.9g004

basolateral side, and the inhibitory effect on the spread of GFP
fluorescence derived from the recombinant virus was examined.
Addition of high concentrations of the neutralizing antibody from
the apical side blocked the cell-to-cell transmission of the NA-
deficient influenza virus, whereas the addition from the basolateral
side had no effect (Figure 5). These observations indicated that the
polarity in the influenza virus budding in the cell-to-cell
transmission pathway is apical.

Influenza viruses can not re-infect previously infected
cells

Previous report showed that influenza viruses were refractory to
superinfection with a second cell-free virus [23]. In the case of the
cell-to-cell transmission of influenza virus in the presence of
oseltamivir, it is possible that a progeny virion is temporarily
bridged by HA between an infected cell and adjacent uninfected
cells, since viruses can not be released from infected cell surface
due to the inhibition of the NA activity by oseltamivir. The cell-
associated progeny virion may have an opportunity to re-infect the
previously infected cell, compared to a cell-free progeny virion in

@ PLoS ONE | www.plosone.org

the general spreading. Thus, we examined whether influenza
viruses can infect the cell which had already been infected, using
ts53 mutant and wild-type influenza virus A/WSN/33. £53 virus
has a substitution mutation from U to C at the nucleotide position
of 701 in the PA gene. This substitution introduces an amino acid
change from wild-type Leu 226 to Pro 226 and gives a defect in
the viral genome replication process [47,48]. At first, cells were
infected with #53 virus at moti of 10, and after mcubation for 0, 2,
4, 6, and 8 hours, cells were superinfected with wild-type virus at
moi of 10. The amount of segment 3 viral RNA (vVRNA) encoding
PA was determined quantitatively by RT-PCR. Then, using a
mutated primer for PCR, we could mtroduce a St I site only in
the PCR products derived from the wild-type sequence (Figure 6A).
Thus, DNA fragments amplified from the wild-type and #53 could
be distinguished by Stu I digestion. The digested DNA fragments
containing 220 and 199 base pairs derived from #53 and wild-
type, respectively, were separated through PAGE. After 6 hours or
later post infection, re-infection with the second challenging virus
hardly occurs in the absence of oseltamivir. However, in the
presence of oseltamivir, appearance of wild-type fragment suggests
that the re-infection had occurred (Figure 6B). The result indicates
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Figure 5. The cell-to-cell transmission of the NA-deficient
influenza virus occurs the apical cell surface. Confluent MDCK
cells were prepared in transwell inserts and infected with the NA-
deficient influenza virus at MO! of 0.0001 in the presence or absence of
0.3% (v/v) antiserum containing neutralizing antibodies (nAb) to
influenza A virus. After virus adsorption, the antiserum was added
from apical or basolateral side. GFP fluorescence derived from the
recombinant virus was observed at 36 hpi. The antiserum added from
the apical side could markedly block the cell-to-cell transmission of the
NA-deficient influenza virus, whereas the antiserum added from the
basolateral side could not. Scale bar, 100 um.
doi:10.1371/journal.pone.0028178.g005

that progeny virus particles remain on the surface of infected cell
even after budding, and can infect the cell previously infected, as
well as uninfected cells adjacent to the infected cell, when
oseltamivir is present.

Discussion

With the except for the virus which spreads through the cell-cell
fusion transmission, virus infection is initiated by the binding of
cell-free virions to their host cells. Recently, the virus transmission
mechanism from an infected cell to adjacent cells without virus
diffusion into the extracellular environment is highlighted from the
aspect of its significance in virus spreading in the presence of
antibodies [1,2]. This antibody-insensitive pathway is often called
cell-to-cell transmission [2]. The cell-to-cell transmission may be
categorized into two pathways, i.e., transmission of cell-free virions
to adjacent uninfected cells, and transmission of progeny virions
associated on the surface of an infected cell even after budding
through narrow synaptic space between an infected cell and
adjacent uninfected cells. As an example of the former mechanism,
cell-free vaccinia virus particles associated with the filopodium of an
infected cell are repelled toward neighboring uninfected cells by
inducing the formation of actin filament [3]. Several cases have
been reported for the latter mechanism: Immunotropic viruses
including retroviruses utilize the immunological synapses [4-7].
Immune cells are not constitutively polarized, but contain the
machinery that directs their secretory apparatus towards a cell that
is involved in an immunological synapse. This machinery can be
subverted by retroviruses containing human immunodeficiency
virus (HIV). An HIV-infected cell can polarize viral budding
towards a target cell expressing receptor through a structure called
a virological synapse. Virions bud from an infected cell into a
synaptic cleft, from which they fuse with the target-cell plasma
membrane [49-52]. The progeny virions of HCV are trapped
between infected and uninfected cell membranes at the tight
junction. Using Claudin-1 known as a component of the tight
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junction and one of the entry factors of HCV (8], virions fuse with
and penetrate uninfected target cells [31]. Therefore, HCV may
acquire the ability to spread within polarized liver epithelium.
Thus, the cell-to-cell transmission certainly plays significant roles
for the dissemination of several enveloped viruses. However, the
cell-to-cell transmission of influenza virus has not been discussed
well. Here, we have shown that influenza virus spreads by forming
infected cell clusters even in the presence of an NA inhibitor. Live
cell imaging clearly showed that influenza virus lacking the NA
activity spreads from an infected cell to adjacent cells through the
cell-to-cell transmission mechanism (Figure 2). This was also the
case for wild-type influenza virus during early phases of infection
(Figure 4B). In the cell-to-cell transmission of influenza virus,
progeny virions could remain associated with the surface of
infected cell even after budding, and then these progeny virions
can be passed on to adjacent uninfected cells.

We showed that the cell-to-cell transmission of the NA-deficient
influenza virus depends on functional HA. The viral spreading was
dramatically suppressed without HA activation by trypsin treatment
(Figure 4A). Moreover, the cell-to-cell transmission was also blocked
by amantadine, which inhibits the acidification of endosomes
required for uncoating of influenza virus particles in endosomes
[33,34]. These findings indicate that functional HA and endosome
acidification by M2 ion channel are required for the cell-to-cell
influenza virus transmission, thereby allowing viruses to enter the
adjacent cells through the endocytotic pathway (Figure 4).

Our findings showed that the NA-deficient influenza virus is not
diffused into the extracellular environment. The viral spreading in
the absence of oseltamivir appears to be much faster compared to
the viral spreading in the presence of the drug, suggesting that NA
could be involved in determination of spreading speed (Figure 4B).
The NA activity prevented progeny virions from entering cells
which virus came from (Figure 6), implying that progeny virus
particles should be transmitted to adjacent uninfected cells. The
cell-to-cell transmission started in early phase of infection, and the
virus spread through diffusion of cell-free viruses (Figure 4B).
Indeed, it was reported that the cell-to-cell transmission is a rapid
spreading pathway in the case of vaccinia virus [3]. Vaccinia virus
induces a blocking mechanism of superinfection and thereby
infects to adjacent uninfected cells efficiently. In early phases of
vaccinia virus infection, viral proteins A33 and A36 are expressed
at the infected cell surface. Once cell-free virus particles contact the
filopodium, the A33/A36 complex induces the formation of actin
filament, which causes this superinfected virion to be repelled
toward uninfected cells [3]. Influenza viruses can re-infect the cells
previously infected in the presence of oseltamivir (Figure 6),
suggesting that a progeny virion may be bridged by HA between
infected and adjacent uninfected cells temporarily. Thus, in the
case of the cell-to-cell transmission of influenza virus, we propose
that progeny virions associated with the surface of infected cells
even after budding are directed to adjacent uninfected cells. The
cell-to-cell transmission mechanism of influenza virus is distinctly
different from that of vaccinia virus in the infecting virus status:
Infected cell-associated virions and cell-free virions are involved in
the cell-to-cell transmission of influenza virus and vaccinia virus,
respectively. The strategy for influenza virus appears to be similar
to that for HCV. HCV progeny virions budded from an infected
cell are trapped between infected and uninfected adjacent cell
membranes at the tight junction. HCV virions then, enter into
adjacent cells through endocytosis and low pH-dependent
membrane fusion using Claudin-1 [8]. The cell-to-cell transmis-
sion of influenza virus also required functional HA and endosome
acidification by M2 ion channel. However, it has not been
reported that HCV has a gene encoding a receptor destroying

November 2011 | Volume 6 | Issue 11 | 28178



nAb from apical

nAb from batholateral

Figure 5. The cell-to-cell transmission of the NA-deficient
influenza virus occurs the apical cell surface. Confluent MDCK
cells were prepared in transwell inserts and infected with the NA-
deficient influenza virus at MOI of 0.0001 in the presence or absence of
0.3% (v/v) antiserum containing neutralizing antibodies (nAb) to
influenza A virus. After virus adsorption, the antiserum was added
from apical or basolateral side. GFP fluorescence derived from the
recombinant virus was observed at 36 hpi. The antiserum added from
the apical side could markedly block the cell-to-cell transmission of the
NA-deficient influenza virus, whereas the antiserum added from the
basolateral side could not. Scale bar, 100 pm.
doi:10.1371/journal.pone.0028178.g005

that progeny virus particles remain on the surface of infected cell
even after budding, and can infect the cell previously infected, as
well as uninfected cells adjacent to the infected cell, when
oseltamivir is present.

Discussion

With the except for the virus which spreads through the cell-cell
fusion transmission, virus infection is initiated by the binding of
cell-free virions to their host cells. Recently, the virus transmission
mechanism from an infected cell to adjacent cells without virus
diffusion into the extracellular environment is highlighted from the
aspect of its significance in virus spreading in the presence of
antibodies [1,2]. This antibody-insensitive pathway is often called
cell-to-cell transmission [2]. The cell-to-cell transmission may be
categorized into two pathways, z.e., transmission of cell-free virions
to adjacent uninfected cells, and transmission of progeny virions
associated on the surface of an infected cell even after budding
through narrow synaptic space between an infected cell and
adjacent uninfected cells. As an example of the former mechanism,
cell-free vaccinia virus particles associated with the filopodium of an
infected cell are repelled toward neighboring uninfected cells by
inducing the formation of actin filament [3]. Several cases have
been reported for the latter mechanism: Immunotropic viruses
including retroviruses utilize the immunological synapses [4-7].
Immune cells are not constitutively polarized, but contain the
machinery that directs their secretory apparatus towards a cell that
is mvolved in an immunological synapse. This machinery can be
subverted by retroviruses containing human immunodeficiency
virus (HIV). An HIV-infected cell can polarize viral budding
towards a target cell expressing receptor through a structure called
a virological synapse. Virions bud from an infected cell into a
synaptic cleft, from which they fuse with the target-cell plasma
membrane [49-52]. The progeny virions of HCV are trapped
between infected and uninfected cell membranes at the tight
junction. Using Claudin-1 known as a component of the tight
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junction and one of the entry factors of HCV [8], virions fuse with
and penetrate uninfected target cells [31]. Therefore, HCV may
acquire the ability to spread within polarized liver epithelium.
Thus, the cell-to-cell transmission certainly plays significant roles
for the dissemination of several enveloped viruses. However, the
cell-to-cell transmission of influenza virus has not been discussed
well. Here, we have shown that influenza virus spreads by forming
infected cell clusters even in the presence of an NA inhibitor. Live
cell imaging clearly showed that influenza virus lacking the NA
activity spreads from an infected cell to adjacent cells through the
cell-to-cell transmission mechanism (Figure 2). This was also the
case for wild-type influenza virus during early phases of infection
(Figure 4B). In the cell-to-cell transmission of influenza virus,
progeny virions could remain associated with the surface of
infected cell even after budding, and then these progeny virions
can be passed on to adjacent uninfected cells.

We showed that the cell-to-cell transmission of the NA-deficient
influenza virus depends on functional HA. The viral spreading was
dramatically suppressed without HA activation by trypsin treatment
(Iigure 4A). Moreover, the cell-to-cell transmission was also blocked
by amantadine, which inhibits the acidification of endosomes
required for uncoating of influenza virus particles in endosomes
[33,34]. These findings indicate that functional HA and endosome
acidification by M2 ion channel are required for the cell-to-cell
influenza virus transmission, thereby allowing viruses to enter the
adjacent cells through the endocytotic pathway (Figure 4).

Our findings showed that the NA-deficient influenza virus is not
diffused into the extracellular environment. The viral spreading in
the absence of oseltamivir appears to be much faster compared to
the viral spreading in the presence of the drug, suggesting that NA
could be involved in determination of spreading speed (Figure 4B).
The NA activity prevented progeny virions from entering cells
which virus came from (Figure 6), implying that progeny virus
particles should be transmitted to adjacent uninfected cells. The
cell-to-cell transmission started in early phase of infection, and the
virus spread through diffusion of cell-free viruses (Figure 4B).
Indeed, it was reported that the cell-to-cell transmission is a rapid
spreading pathway in the case of vaccinia virus [3]. Vaccinia virus
induces a blocking mechanism of superinfection and thereby
infects to adjacent uninfected cells efficiently. In early phases of
vaccinia virus infection, viral proteins A33 and A36 are expressed
at the infected cell surface. Once cell-free virus particles contact the
filopodium, the A33/A36 complex induces the formation of actin
filament, which causes this superinfected virion to be repelled
toward uninfected cells [3]. Influenza viruses can re-infect the cells
previously infected in the presence of oseltamivir (Figure 6),
suggesting that a progeny virion may be bridged by HA between
infected and adjacent uninfected cells temporarily. Thus, in the
case of the cell-to-cell transmission of influenza virus, we propose
that progeny virions associated with the surface of infected cells
even after budding are directed to adjacent uninfected cells. The
cell-to-cell transmission mechanism of influenza virus is distinctly
different from that of vaccinia virus in the infecting virus status:
Infected cell-associated virions and cell-free virions are involved in
the cell-to-cell transmission of influenza virus and vaccinia virus,
respectively. The strategy for influenza virus appears to be similar
to that for HCV. HCV progeny virions budded from an infected
cell are trapped between infected and uninfected adjacent cell
membranes at the tight junction. HCV virions then, enter into
adjacent cells through endocytosis and low pH-dependent
membrane fusion using Claudin-1 [8]. The cell-to-cell transmis-
sion of influenza virus also required functional HA and endosome
acidification by M2 ion channel. However, it has not been
reported that HCV has a gene encoding a receptor destroying
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Figure 6. Influenza viruses can not re-infect previously infected cells. (A) A method for determination of the amount of segment 3 genome
derived from ts53 and wild-type. Total RNA was reverse-transcribed with the primer PA-895-rev, which is complementary to the segment 3 positive-
sense RNA. The cDNA was amplified by PCR using primers, PA-895-rev and PA-695-cut partially corresponding to segment 3 positive sense RNA
between the nucleotide sequence positions 678 to 700 except for 696 and 697, which are shown in red letters. Since segment 3 of ts53 has a
substitution mutation from U to C at the nucleotide position of 701, the PCR product derived from wild-type could be digested by Stu | but not that
from ts53. Then, PCR products were digested with Stu | and separated through 8% PAGE. (B) Detection of the genome of the segment 3 derived from
ts53 or wild-type. At 3 hours post superinfection of wild-type virus, total RNA was extracted, and semi-quantitative RT-PCR was performed.
Subsequently, the amplified DNA products were digested with Stu | and separated through 8% PAGE. Large and small fragments derived from ts53
and wild-type viruses were 220 and 199 base pairs, respectively. The relative amount of wild-type segment 3 to that at 0 hour in the absence of
oseltamivir phosphate was shown in the graph. Error bars indicate S.D. from 3 independent experiments. White bar, in the absence of oseltamivir

phosphate; black bar, in the presence of oseltamivir phosphate.
doi:10.1371/journal.pone.0028178.g006

enzyme similar to NA of influenza virus. We speculated that HCV
progeny particles are bridged between infected and adjacent
uninfected cells temporarily like influenza virus in the presence of
oseltamivir. Progeny influenza virus particles could be transmitted
to adjacent uninfected cells efficiently in the presence of the NA
activity, suggesting that the cell-to-cell transmission of influenza
virus is more strategic than that of HCV.

Our findings raise an interesting question as to what is the
biological significance of cell-to-cell transmission for influenza virus
mfection m vwo. Until now, it had been believed that influenza virus
was released from infected cells as cell-free virions and then spread
from cell to cell as well as from organism to organism. The
transmission mode by cell-free virions undergoes the extremely high-
speed of its diffusion and causes epidemic or pandemic infection.

@ PLoS ONE | www.plosone.org

The tropism in an infected animal body is generally restricted to
respiratory tract or lung and its periphery, and the requirement of a
trypsin-like protease has been generally described for the reason of
the restriction. It is possible that the cell-to-cell transmission mode
may play a significant role for the virus spreading inside of
organism, although cell-free influenza virions are causative of high-
speed spreading. At the least, the limited but distinct level of
infection followed by replication could provide some opportunity to
generate influenza virus variants. It is an open question whether the
cell-to-cell transmission mode is involved in the pathogenesis caused
by influenza virus infection i vwo.

The existence of cell-to-cell transmission pathway gives a
caution when NA inhibitors are used, because NA inhibitors
may not be sufficient to completely block the spread of influenza
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virus in local microenvironments. Since this cell-to-cell transmis-
sion pathway exists, development of antiviral therapeutic strategies
in addition to NA inhibitors is highly recommended.

Materials and Methods

Cells and viruses

Madin-Darby canine kidney (MDCK) cells were kindly gifted
by A. Ishihama (Hosei University), and maintained in minimal
essential medium (MEM) (Nissui) containing 10% fetal bovine
serum. Human embryonic kidney 293T cells were kindly gifted by
Y. Kawaoka (University of Tokyo), and maintained in Dulbecco
modified Eagle medium (DMEM) (Nissui) supplemented with 10%
fetal bovine serum. Influenza virus A/Udorn/72 was grown in
allantoic sacs of 11 day-old embryonated eggs (MIYAKE
HATCHERY). Wild-type influenza virus A/WSN/33 and #553
mutant were used after single-plaque isolation. MDCK cells were
infected with influenza virus A/WSN/33 or #53 at a multiplicity
of infection (MOI) of 0.1 PFU/cell, and incubated at 37°C and
34°C, respectively. After incubation for 24 h, the culture fluid was
harvested and centrifuged at 1,700x g for 10 min. The virus
suspension was stored at —80°C until use.

Antibodies

The production of rabbit polyclonal anti-NP antibody was
described previously [53], and this antibody was used as a primary
antibody for indirect immunofluorescence assay. A goat anti-
rabbit IgG antibody conjugated to Alexa Fluor 488 or Alexa Fluor
568 was purchased from Invitrogen and used as a secondary
antibody for indirect immunofluorescence assay. A polyclonal
antibody against influenza A virus was obtained from 2-month-old
female rabbit immunized with 250 ug of purified virions of
influenza virus strain A/Puerto Rico/8/34 [54]. The generation
of antibodies was boosted three times and used as neutralizing
antibodies to block the influenza virus infection.

Determination of the inhibition effect of oseltamivir on
virus production

MDCK cells were infected with influenza virus A/WSN/33 at a
multiplicity of infection (MOI) of 0.001 PFU per cell. After virus
adsorption at 37°C for 1 hour, the cells were washed with serum-
free MEM and incubated at 37°C with maintenance medium
(MEM containing vitamins and 0.1% BSA) containing oseltamivir.
At 48 hours post infection (hpi), culture supernatant was collected,
and then its viral titer was determined by plaque assays.

Generation of neuraminidase (NA)-deficient viruses

An NA-deficient influenza virus possessing the terminal
sequences of NA segment but lacking the NA coding region,
which was replaced with enhanced green fluorescent protein (EGFP)
gene, was generated by reverse genetics as described previously
[29,30]. For reverse genetics, we used plasmids containing cDNAs
of the influenza virus A/WSN/ 33 viral genome under the control
of the human RNA polymerase I promoter (referred to as Pol 1
plasmids). Briefly, 293T cells were transfected with seven Pol I
plasmids for production of all vVRNA segments of influenza virus
A/WSN/33 and one for the mutant NA vRNA segment
containing EGFP ORF, together with protein expression vectors
for PB2, PB1, PA, and NP controlled by the chicken B-actin
promoter (pCAGGS). TransI'T-293 (Mirus) was used for transfec-
tion. At 24 hours post transfection, recombinant viruses were
harvested from the cell surface using bacterial NA derived from
Clostridium  perfringens (sigma). MDCK cells were infected with
harvested recombinant viruses treated with N-tosyl-L-phenyl-
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alanine chloromethyl ketone (TPCK)-trypsin (1 pg/ml). After
confirmation of GFP fluorescence derived from amplified
recombinant virus genomes at 48 hours after infection, the
recombinant viruses on the cell surface were collected using
bacterial NA. The viral titer of recombinant viruses was
determined by counting the number of infected foci using a
fluorescence microscopy (Carl Zeiss).

Indirect immunofluorescence assay

Cells on coverslips were fixed with 4% paraformaldehyde in
phosphate-buffered saline (PBS) for 10 min and permeabilized with
0.2% NP-40 in PBS. The coverslips were soaked in 1% bovine
serum albumin in PBS, and then incubated at room temperature for
1 hour with a primary antibody. After being washed twice with
PBS, the coverslips were incubated at room temperature for 1 hour
with a secondary antibody. The coverslips were then incubated at
room temperature for 5 min with 3 uM 4',6'-diamidino-2-
phenylindole (DAPI) and finally mounted on glass plates, and cells
were observed under the fluorescence microscope.

Live cell imaging analyses

Living cells were analyzed using BioStation ID system (GE
Healthcare). Confluent MDCK cells were infected with the NA-
deficient influenza virus at the multiplicity of infection (MOI) of
0.0001 in the presence or absence of 1 pg/ml TPCK-trypsin. At
24 hours post infection, culture dishes containing infected cells
were set into the chamber of BioStaion ID system, which was
maintained at 37°C under 5% COq and 95% humidity. Then,
images were acquired during next 24 hours at interval with
1 hour. The excitation wavelength was controlled by a manual
filter wheel equipped with filters suitable for enhanced green
fluorescence protein (EGFP).

Transwell assay

Confluent MDCK cell monolayer was prepared on transwell
inserts (BD Falcon, pore size 0.4 pm) and infected with the NA-
deficient influenza virus at MOI of 0.0001. After virus adsorption at
37°C for 1 hour, the cell monolayer was washed with serum-free
MEM, and maintenance medium was added into both sides within
the transwells. The neutralizing antibody to influenza A virus was
added into the inside or the outside of transwell inserts with the
maintenance medium. Subsequently, cells were incubated at 37°C
for 36 hours followed by analyses using the fluorescence microscopy.

RT-PCR

£s53 virus has a substitution mutation from U to C at the
nucleotide position of 701 in the PA gene. This substitution
introduces an amino acid change from wild-type Leu 226 to Pro
226 and gives a defect in the viral genome replication process [48].
However, under the permissive temperature, the level of viral
genome replication is no difference between wild-type and #553
[47]. To discriminate the genome of wild-type and that of #53,
total RNA was reverse-transcribed by reverse transcriptase
(TOYOBO) with PA-895-rev (5"-TTAATTTTAAGGCATC-
CATCAGCAGG-3'), which is complementary to the segment 3
positive sense RNA. The cDNA was amplified by PCR using
primers, PA-895-rev and PA-695-cut (5'-TCTCCCGCCA-
AACTTCTCAGGCC-3') partially corresponding to segment 3
positive sense RINA between nucleotide sequence positions 678 to
700 except for nucleotide positions 696 and 697. Since segment 3
of #553 has a substitution mutation from U to C at the nucleotide
position of 701, the PCR product derived from wild-type was
digested by Stz I but not that from #53. After PCR reactions, PCR

November 2011 | Volume 6 | Issue 11 | e28178



products were digested with Stu I and separated through PAGE.
Large and small fragments derived from #53 and wild-type viruses
were 220 and 199 base pairs, respectively. DNA was stained with
GelRed (BIOTIUM) and visualized by UV illumination.

Supporting Information

Figure S1 Formation of cell cluster caused by initial
infection. MDCK cells were infected with influenza virus A/
WSN/33 at moi of 0.0003 in the presence or absence of 50 pg/ml
oseltamivir phosphate. After incubation for 8 and 24 h, immuno-
fluorescence analyses were performed using anti-NP antibody and
anti-rabbit IgG antibody conjugated to Alexa Fluor 488 (Invitro-
gen). Nuclear DAPI and viral NP staining patterns are shown in
blue and green, respectively. Enlarged views are shown in red
borders. Scale bar, 100 pm.

(T1F)

Figure 82 The expression of GFP derived from NA-
deficient influenza virus overlapped with the localiza-
tion of NP. MDCK cells were infected with NA-deficient
influenza viruses at MOI of 0.0001. After incubation at 37°C for
48 hours, immunofluorescence analyses were performed using
anti-NP antibody. Scale bar, 100 um.

(TIF)

Figure 83 Influenza virus A/Udorn/72 was sensitive to
oseltamivir. MDCK cells were infected with influenza virus A/
Udorn/72 at a MOI of 0.001 PFU per cell. At 36 hpi, the culture
supernatant was collected, and then its virus titer was determined
by plaque assays. Each result was represented by a value relative to
that in the absence of the drug. Error bars indicate s.d. from 3
independent experiments.

(TIF)
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Video 81 NA-deficient influenza virus spreads through
cell-to-cell transmission. Confluent MDCK cells were
infected with NA-deficient influenza virus at MOI of 0.0001 in
the presence of trypsin. After incubation at 37°C for 24 hours, a
single GFP-positive cell and its vicinity were traced it during the
period from 24 hpi to 48 hpi at interval of 1 hour. Live cell
imaging data analyses was performed by Biostation ID (GE
healthcare). Scale bar, 50 um.

MOV)

Video S2 NA-deficient influenza virus does not spread
in the absence of trypsin. Confluent MDCK cells were
infected with the NA-deficient influenza virus at MOI of 0.0001 in
the absence of trypsin. After incubation at 37°C for 24 hours, a
single GFP-positive cell was detected, and then this cell and
neighborhood cells was traced during the period from 24 hpi to
48 hpi at interval of 1 hour. Live cell imaging data analyses were
performed by Biostation ID (GE healthcare). Scale bar, 50 pm.
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Recent crystallographic studies suggested that fully liganded
human hemoglobin can adopt multiple quaternary conforma-
tions that include the two previously solved relaxed conforma-
tions, R and R2, whereas fully unliganded deoxyhemoglobin
may adopt only one T (tense) quaternary conformation. An
important unanswered question is whether R, R2, and other
relaxed quaternary conformations represent different physio-
logical states with different oxygen affinities. Here, we answer
this question by showing the oxygen equilibrium curves of single
crystals of human hemoglobin in the R and R2 state. In this
study, we have used a naturally occurring mutant hemoglobin C
(B6 Glu— Lys) to stabilize the R and R2 crystals. Additionally,
we have refined the x-ray crystal structure of carbonmonoxyhe-
moglobin C, in the R and R2 state, to 1.4 and 1.8 A resolution,
respectively, to compare precisely the structures of both types of
relaxed states. Despite the large quaternary structural differ-
ence between the R and R2 state, both crystals exhibit similar
noncooperative oxygen equilibrium curves with a very high
affinity for oxygen, comparable with the fourth oxygen equilib-
rium constant (K,) of human hemoglobin in solution. One small
difference is that the R2 crystals have an oxygen affinity that is
2-3 times higher than that of the R crystals. These results dem-
onstrate that the functional difference between the two typical
relaxed quaternary conformations is small and physiologically
less important, indicating that these relaxed conformations
simply reflect a structural polymorphism of a high affinity
relaxed state.

Human hemoglobin, an «, 3, tetrameric protein that exhibits
strong cooperativity during oxygenation/deoxygenation, has
long served as a model for understanding the structure-func-
tion relationships of allosteric proteins (1). For many years, the
a,f, hemoglobin tetramer was though to adopt only two stable
quaternary structures, the low affinity T (tense) and high affin-
ity R (relaxed) structures, which are well suited to the notion of
the Monod-Wyman-Changeux two-state allosteric model (2).
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This view was largely supported by crystallographic evidence
that only one quaternary conformation (classical T structure)
has so far been observed in a number of different crystals forms
of human wild-type, mutant, and chemically modified deoxy-
hemoglobins (3—6). Likewise, the early crystallographic studies
demonstrate that the structures of two independent fully ligan-
ded proteins, horse methemoglobin and human oxy (or carbon-
monoxy) hemoglobin, assume essentially the same quaternary
conformation (classical R structure) despite different crystal-
packing contacts (7-9).

However, this simple view was challenged in the early 1990s
by the discovery of a second relaxed state for fully liganded
hemoglobin, known as R2 or Y, the quaternary structure of
which is substantially different from that of the R state (10, 11).
Computational studies suggest that R2 may be the relaxed end
state in a T—>R-—>R2 allosteric pathway, rather than an inter-
mediate between T and R or an off-pathway intermediate (12).
Also, recent NMR studies using '"N-"H residual dipolar cou-
plings show that the quaternary conformation of human car-
bonmonoxyhemoglobin in solution is a dynamic ensemble of
different quaternary structures that include the crystallo-
graphically identified R and R2 states (13). Consistent with this
observation in solution, recent crystallographic studies identify
previously unrecognized relaxed conformations that lie be-
tween R and R2 (14 -16), although an additional liganded end
state, R3, has also been proposed to exist (16). These recent
findings strongly suggest that the fully liganded hemoglobin
molecule is capable of traversing multiple conformations.

A basic question emerges as to whether R, R2, and other
potential liganded conformations represent different physio-
logical states with different oxygen affinities or whether they
simply reflect a structural polymorphism of a high affinity
relaxed state. To address this question directly, in this study we
have determined the oxygen equilibrium curves of single crys-
tals of human hemoglobin in the R and R2 quaternary struc-
tures by using absorption microspectrophotometry.

Previous microspectrophotometry studies on crystals of
human deoxyhemoglobin in the T (tense) state demonstrated
the feasibility of measuring the oxygen affinity of crystalline
hemoglobin, opening up a new method for a direct comparison
of the x-ray structure with its function in the same crystalline
state (17, 18). However, so far this approach has not been
applied to crystals of the fully liganded forms of hemoglobin,
primarily because crystals of oxy (or carbonmonoxy) hemoglo-
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Comparison of Two Relaxed-state Hemoglobin Crystals

bin A in the R or R2 state shatter upon deoxygenation. More-
over, because those crystals are expected to have a high affinity
for oxygen, they should be equilibrated with low oxygen pres-
sures, requiring a very long experimental time. An additional
difficulty is that the R2 crystals of hemoglobin A must be pre-
served under low pH conditions (below pH 6) (11), where the
autooxidation rate is significantly increased. Here, we now
show that the use of thin flat crystals of hemoglobin C (86
Glu—Lys) in the R and R2 state can overcome most of these
problems, thus enabling determination of their oxygen dissoci-
ation curves. It is known that hemoglobin C crystallizes much
more readily than hemoglobin A due to the 86 Glu to Lys sur-
face mutation, which makes the protein less soluble but does
not significantly perturb the oxygen equilibrium properties
(19-21). As aresult, this mutant yields both R and R2 crystals of
very high quality under mild conditions at neutral pH. Note
that the use of thin crystals is, on the one hand, advantageous
for shortening the experimental time, but, on the other hand,
disadvantageous as to the signal to noise ratio of the absorption
data. Thus, unlike previous measurements using oriented crys-
tals and linearly polarized light (17, 18), we have used unpolar-
ized light incident on horizontally oriented, thin flat crystals, to
eliminate stray light reflected from the polarizer and to keep the
signal to noise ratio as high as possible. In addition to the func-
tional study, we have refined the crystal structure of carbon-
monoxyhemoglobin C, in the R and R2 state, to 1.4 and 1.8 A
resolution, respectively. These high resolution data allow us to
compare precisely the structures of both types of relaxed states,
enabling discussion with the observed oxygen equilibrium
curves of both states.

EXPERIMENTAL PROCEDURES

Preparation of Hemoglobin C—CS human blood was kindly
obtained from Dr. Kazuhiko Adachi (The Children’s Hospital
of Philadelphia, Philadelphia, PA) and stripped as reported pre-
viously. The stripped hemoglobin sample was passed through a
column of Sephadex G-25 equilibrated with CO-saturated
0.01 m phosphate buffer, pH 6.85, and then applied to a column
of CM52 cellulose (Whatman) equilibrated with the same
buffer. The column was washed with 2 column volumes of the
same CO-saturated buffer, followed by 2 column volumes of
the same buffer containing 0.2% (w/v) sodium dithionite
(Na,S,0,) to reduce (albeit the small amount of) methemoglo-
bin in the original hemoglobin sample. After washing the col-
umn with 5 column volumes of the same CO-saturated buffer
without dithionite, the column was eluted by a linear gradient
of 0.01 M phosphate buffer, pH 7.15, and 0.04 m phosphate
buffer, pH 7.60. The second major peak corresponding to
hemoglobin C was collected and concentrated.

Crystallization and Structure Determination—Crystalliza-
tion of carbonmonoxyhemoglobin C in the R state was carried
out at 20 °C according to the batch method of Fitzgerald and
Love (19), with some modifications, to give a CO-saturated
2.0% (w/v) hemoglobin solution containing 1.65 m phosphate
buffer (0.528 M NaH,PO, and 1.122 m K,HPO,, pH 7.2), 10%
(v/v) glycerol, and 0.1% (w/v) p,.-homocysteine. A glass tube
containing the above crystallization solution was placed into a
gas-tight glass vial and quickly sealed under CO. Note that this
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vial also contained a small amount of Oxygen Absorbing Sys-
tem A-500HS (ISO, Yokohama, Japan) powder in its gas part, to
maintain complete anaerobic conditions during crystallization.
Similarly, crystals of carbonmonoxyhemoglobin C in the R2
state were obtained, using the same batch method at 20 °C,
from CO-saturated 1.0% (w/v) hemoglobin solutions contain-
ing 11% (w/v) PEG 3350, 50 mm HEPES buffer, pH 7.6, and 10%
(v/v) glycerol under complete anaerobic conditions. Both types
of hemoglobin C crystals grew rapidly to their maximum
dimensions within a few day. The mother liquors containing 15
and 20% (v/v) glycerol were used for the R and R2 crystals,
respectively, as cryoprotectant in which the crystals were rinsed
briefly before flash-freezing in liquid nitrogen.

X-ray data were collected using an ADSC Q270 CCD detec-
tor at beamlines BL17A and BL1A of the Photon Factory, Tsu-
kuba, Japan. The wavelength of the incident x-rays was 1.0 A.
Diffraction datasets were processed with HKL2000 (22) and
scaled with SCALEPACK (22). The R and R2 crystals belonged
to the space group P4,2,2 and P2,2,2,, respectively, with unit
cell parameters of a = b = 53.1 A, ¢ = 191.53 A, and a = 57.78
A, b =5875 A, ¢ = 172.87 A, respectively. Their structures
were solved by molecular replacement using MOLREP (23, 24)
and the previously reported structures of hemoglobin C (20, 21)
(Protein Data Bank (PDB)? ID codes 1K1K and 1M9P) as a
starting model. The best solution using data from 20 to 3.5 A
resolution range yielded a correlation coefficient of 0.55 and an
R-factor of 0.40 for the R structure, and a correlation coefficient
of 0.57 and an R-factor of 0.45 for the R2 structure, after rigid
body refinement. At this stage, crystallographic refinement
were pursued in PHENIX (25). After an initial round of simu-
lated annealing refinement, several macrocycles that included
bulk solvent correction, and anisotropic scaling of the data,
individual coordinate refinement with minimization, and indi-
vidual isotropic atomic displacement parameter refinement
were carried out with maximum likelihood as the target. In the
course of the refinement, water molecules were added to the
models by manual inspection of their positions in both 2F | — F,
and F, — F, maps, and combined TLS (translation, libration,
and screw-rotation) and individual atomic displacement
parameter refinement were carried out in the final stages. Map
fitting and other manipulations with molecular models were
performed using the graphic software COOT (26). The stereo-
chemistry of the final models of the R and R2 state (named
R-COHDLC and R2-COHbC, respectively) were assessed using
PROCHECK (27). Data collection and refinement statistics are
summarized in Table 1.

Oxygen Equilibrium Curves of Crystals—Crystals for oxygen
equilibrium measurements were grown under the above men-
tioned conditions except for the absence of glycerol. Among
grown crystals of various shapes, thin flat crystals were chosen

2 The abbreviations used are: PDB, Protein Data Bank; K,, fourth oxygen equi-
librium constant; Ki, oxygen affinity of relaxed state; K, oxygen affinity of
tense state; R-COHbA, 1.25 A resolution crystal structure of carbonmon-
oxyhemoglobin Ain the R state (PDB code 2DN3); R-COHbC, final structural
model for carbonmonoxyhemoglobin Cin the R state; R2-COHbC, the final
structural model for carbonmonoxyhemoglobin C in the R2 state; rm.s.d.,
root mean square deviation; T-deoxyHbA, the 1.25 A resolution crystal
structure of deoxyhemoglobin A in the T state (PDB code 2DN2).
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Comparison of Two Relaxed-state Hemoglobin Crystals

TABLE 1
Crystal parameters, data collection, and structure refinement for the R and R2 crystals of human carbonmonoxyhemoglobin C
Dataset R-COHbC R2-COHbC
Data collection .
Resolution range (A) 50.0-1.4 50.0-1.8
Space group P4,2,2 P2,2,2

Unit cell dimensions (A)
Reflections (Measured/Unique)

a=53.1,b=531,¢c=191.53
471,355/54,017

a =057.78,b = 5875, ¢ = 172.87
142,988/47,832

Completeness (%) 97.9 (91.8)“ 86.4 (63.0)*
Mean <I>/<g{l)> 18.0 24.6
Multiplicity 8.7 3.0
Riperge (%)” . 3.4 (21.3)* 4.6 (60.1)"
B factor from Wilson plot (A?%) 17 35
Refinement statistics
Resolution range (A) 20.0-1.4 20.0-1.8
R-factor (%)/free R-factor (%)“ 20.8/23.3 25.0/30.5
R.mus.d. from ideals
Bond lengths (A) 0.007 0.011
Bond angles (°) 1.079 1.486
No. of water molecules . 208 47
Average B-factor (Hb/water, A?) 20/28 51/51
Ramachandran plot
Residues in most favorable regions (%) 93.9 89.2
Residues in additional allowed regions (%) 6.1 10.0
Residues in generously allowed regions (%) 0.0 0.8

“The numbers in parentheses refer to the outer shell with a resolution of 1.45-1.4 A and 1.86-1.8 A for R-COHbC and R2-COHbC, respectively.
P Roer ge = 3|1, = <I>|/S|1), where [, is the intensity of an observation and <</> is the mean value for that reflection and the summations are overall reflections.
¢ R-factor = 3, ||F, (k)| — |F,()|/2,F,(h), where F, and F, are the observed and calculated structure factor amplitudes, respectively. The free R-factor was calculated with 5%

of the data excluded from the refinement.

for measurements. Specifically, the R and R2 crystals used were
hexagonal and trapezoidal in shape, respectively, each having a
well developed (010) (or ac) crystal face. The crystals were
washed with the mother liquors (0.8 M NaH,PO, and 1.7 m
K,HPO, (pH 7.2) for the R crystals, and 25% (w/v) PEG 3350
and 50 mm HEPES (pH 7.6 or 7.2) for the R2 crystals) containing
0.1 mg of catalase/ml (Sigma).

For spectral measurements a single crystal with about 20 ul
of its mother liquor was placed on a cover glass and then sealed
into a flow chamber. Usually the settled crystal did not move
during the measurements, because its well developed (010) face
made good contact with the glass surface. The flow chamber
was mounted on the stage of a Ziess UMSP 80 microspectro-
photometer. Before measurements, removal of CO was carried
outin the flow chamber with humidified oxygen, at a gas flow of
10 ml/min, under illumination of the white light of the
microspectrophotometer. The time required for this conver-
sion was <1 h, when small thin, flat crystals were used. Humid-
ified nitrogen-oxygen gas mixtures at defined partial oxygen
pressures were prepared by a GB-4C gas blender (Kofloc, Japan)
with modifications and flowed into the chamber. The oxygen
pressures were detected in the outflow from the chamber using
a MC-7G-L galvanic O, sensor (Iijima, Japan). The absorption
spectra of crystals equilibrated with different oxygen pressures
at 21-22 °C were recorded between 450 and 700 nm with unpo-
larized light incident on (010) crystal face. According to the
method of Mozzarelli et al. (17), the fractional saturation of the
ferrous hemes with oxygen (Y) was calculated by a least square
fit of the observed absorption spectra to a linear combination of
three reference spectra and a base-line offset. The reference
spectra are the absorption spectra of crystals of oxy-, deoxy-,
and methemoglobin C. These spectra were determined on the
same crystal as used for the oxygen equilibrium measurement.
Because increases in oxygen pressure above 380 torr caused no
appreciable spectral changes for the R or R2 crystals, the spec-
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trum obtained under pure oxygen, after correction for the con-
tribution from the methemoglobin content, was taken as the
reference spectrum for oxyhemoglobin C. Note that the contri-
bution from methemoglobin was removed by subtracting
increasing amounts of the methemoglobin reference spectrum
(see below) until the band at 630 nm disappeared. After each
oxygen equilibrium measurement, the crystal was reduced by
washing with mother liquor containing 0.2% (w/v) sodium
dithionite (Na,S,0,) for the measurement of the deoxyhemo-
globin reference spectrum. In most cases the R and R2 crystals
did not crack upon deoxygenation with dithionite. The crystal
was then washed with mother liquor to remove sodium dithio-
nite, followed by washing with mother liquor containing 5 mm
potassium ferricyanide to oxidize the crystal for the measure-
ment of the methemoglobin reference spectrum.

RESULTS AND DISCUSSION

X-ray Structures—At present, in the PDB the highest resolu-
tion data for the R and R2 structures of carbonmonoxyhemo-
globin C are those of Hirsh and colleagues, determined at 2.0
and 2.1 A resolution, respectively (20, 21) (PDB codes 1K1K and
1MO9P). These resolutions are sufficient to be able to assign their
quaternary structures but insufficient to make a precise com-
parison between their heme environmental structures. To
improve this situation, we have undertaken the refinement of
the crystal structures of carbonmonoxyhemoglobin C, in the R
and R2 state, to 1.4 and 1.8 A resolution, respectively (Table 1).
In this study, the best crystals of the R and R2 state have been
obtained under high salt conditions at pH 7.2 and low salt con-
ditions at pH 7.6, respectively.

As summarized in Table 2, in both @ and B subunits the
proximal His(F8) geometries relative to the heme are very sim-
ilar between R-COHbC and R2-COHbC and are similar to
R-COHbA. Remarkably, in both subunits distances between
the proximal His(F8) side chains and the hemes are virtually
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TABLE 2
Stereochemical parameters for heme geometry and environment
R-COHbC R2-COHbLC T-deoxyHbA” R-COHbA”
Parameters 3 B al(a2) B1(B2) @ B @ B
Distances to heme planes (A)?
Fe-Ppune 0.109 —0.060 0.199 (0.110) —0.048 (—0.018) 0.646 0.562 0.107 ~0.036
Fe-P. 0.029 -0.026 —0.133 (0.048) 0.170 (0.207) 0.508 0.445 0.025 —0.002
His(F8) NE2-Pp .. 2.200 2.054 2.275 (2.209) 2.082 (2.015) 2.82 2.728 2.207 2.077
Fe-ligand geometry
Distances (A)
Fe-NE2(F8) 2.106 2.115 2.107 (2.131) 2,131 (2.094) 2.201 2.178 2.109 2.116
Fe-C(ligand) 1.734 17272 1.766 (1.771) 1.771 (1.766) 1.736 1.711
C-O(ligand) 1.193 1.222 1.222 (1.220) 1.231 (1.223) 1,172 1.171
Angles ()
NF.2(F8)-Fe-C(ligand) 177.3 1754 175.9 (166.7) 175.7 (160.4) 179.3 175.0
Fe-C-O(ligand) 175.8 161.5 171.5 (142.7) 149.2 (141.2) 172.1 169.3
Distal ligand environment
Distances (A)
His(E7)-Fe*
NE2/CD2 4.4/5.2 4.5/5.2 5.4/6.6 (9.4 /9.3) 4.4/5.0 (4.6/5.3) 4.5/5.8 4.3/5.5 4.4/5.2 4.5/5.1
Val(E11)-Fe
CG1/CG2 6.4/5.0 6.1/4.8 6.3/4.8 (5.7/4.9) 6.2/4.8 (6.2/4.9) 6.6/5.2 5.5/4.2 6.4/5.0 6.0/4.6
Phe(CD1)-Fe
CZ 5.4 5.4 52(5.2) 5.3/5.2 59 6.5 5.4 54

“T-deoxyHbA and R-COHbA are the 1,25 A resolution crystal structures of T state deoxyhemoglobin A (PDB code 2DN2) and R state carbonmonoxyhemoglobin A (PDB

code 2DN3), respectively (32).

” Pieme 15 the mean plane of porphyrin nitrogen atoms and carbon atoms plus first side chain (32 atoms), and P. is the mean plane of the 20 porphyrin carbon atoms. The
positive and negative values mean the directions from the heme plane toward the proximal and distal side, respectively.
“The distal His(E7) side chains are not so well ordered in the a2, B1, and 82 subunits in R2-COHbDC (see “Results and Discussion”).

identical in these relaxed conformations and shorter than T-de-
oxyHbA (Table 2), suggesting that the proximal strain, which is
one of the key factors determining oxygen affinity, is relieved to
a similar extent in R-COHbC, R2-COHbC, and R-COHbA.
Also, in both subunits the distal ligand environments are in
general similar between R-COHbC and R2-COHbC (Table 2).
One exception is the distal His(E7), which appears to be posi-
tioned differently between R-COHbC and R2-COHbC (Fig. 1,
A-D and Table 2). However, this disagreement cannot be con-
sidered significant because the distal His(E7) side chains are not
so well ordered in the a2, 81, and 32 subunits in R2-COHbC, as
indicated by the lack of well defined electron density map,
whereas all other heme peripheral residues in R2-COHbC and
those in R-COHbC (including Hisa58 and Hisp63) are well
ordered.

The observed dynamic behavior of His(E7) is not surprising
because mutagenesis and kinetics studies show that the motil-
ities of the distal His(E7) side chains are essential for opening a
major channel for ligand entry in both hemoglobin subunits
(28,29). Also, crystallographic evidence for the His(E7) gate has
recently been obtained for a new relaxed state of hemoglobin A
at pH 6.4 (referred to here as RR3; PDB code 3D17), which
shows a rotation of the B distal His(E7) out of the distal pocket,
creating a direct channel to the bulk solvent (30). By contrast, so
far there has been no crystallographic evidence for an opened
ligand channel in human hemoglobin « subunits. This is prob-
ably because the « distal pocket is not so flexible as the 3 one, as
predicted by the effects of mutagenesis (28, 29) and ligand size
(31). Our data on R2-COHbC now suggest that the distal
His(E7) in one of the « subunits («2) is rather disordered but
appears to rotate out of the distal pocket even at pH 7.6 (Fig. 1C
and Table 2). The data also indicate that the distal His(E7) side
chain in the a1 subunit is well ordered in a closed conforma-
tion, and both the B distal His(E7) side chains are similarly
disordered.
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We also investigated how the quaternary structures of
R-COHbC and R2-COHbLC are different from each other.
Because the structure of the a1B1 dimer itself does not vary
greatly among different states, the magnitude of the quaternary
structural difference between two hemoglobin tetramers can be
estimated by calculating the r.m.s.d. for the main-chain atoms
between their a2B2 dimers after the corresponding «l1pB1
dimers are superimposed. We found that this r.m.s.d. value for
R-COHbC and R2-COHbC is 4.95 A, comparable with the
r.m.s.d. value of 5.54 A found for the deoxy T and carbonmon-
oxy R quaternary structures of hemoglobin A (32) (PDB codes
2DN2 and 2DN3). Analysis using difference distance matrix
plots produced with DDMP (Center for Structural Biology, Yale
University, New Haven, CT) confirmed that R-COHbC and
R2-COHDbC differ by the relative orientations of the o181 and
«232 dimers in a way similar to that observed in the R and R2
structures of carbonmonoxyhemoglobin A (Fig. 1, E and F).

In crystals, the apparent oxygen saturation will depend on
the heme orientation relative to the direction of the measuring
light because the heme planes do not project equally onto the
optical axis of the measuring light. Moreover, the heme orien-
tation and crystal axes are different between the R and R2 crys-
tals. Therefore, before oxygen equilibrium measurements, we
should check the contributions made by the « and 8 hemes to
light absorption in the R and R2 crystals. The R and R2 crystals
used were hexagonal and trapezoidal in shape, respectively,
each having a well developed (010) (or ac) crystal face. All of the
spectra in this study were measured with light incident on this
flat (010) crystal face. Based on the orientations of individual
hemes in R-COHbC and R2-COHbC, the relative contributions
of the individual hemes to the absorption could be calculated. A
similar trend was found for both R and R2 crystals: The 8 hemes
in the R and R2 crystals contribute 68 and 62%, respectively, of
the total absorption. Thus, the measured oxygen affinities of the
R and R2 crystals will be meaningfully compared with each
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FIGURE 1. Comparison between the R and R2 crystal structures of hemo-
globin C. A, stereoscopic comparison of the vicinity of the a1 heme between
R-COHbBC (red) and R2-COHbC (blue) by superimposing their a1 subunits.
B, stereoscopic comparison of the vicinity of the 81 heme between R-COHbC
(red) and R2-COHbC (blue) by superimposing their 81 subunits. C, stereo-
scopic comparison of the vicinity of the a2 heme between R-COHbC (red) and
R2-COHbC (blue) by superimposing their a2 subunits. D, stereoscopic com-
parison of the vicinity of the 82 heme between R-COHbC (red) and R2-COHbC
(blue) by superimposing their 2 subunits. E, difference distance matrix of
R-COHbC and R2-COHbC. F, difference distance matrix of carbonmonoxyhe-
moglobin A in the R state (32) (PDB code 2DN3) and that in the R2 state (11)
(PDB code 1BBB). In E and F, blue regions represent residues that move closer
in the R structure, whereas the opposite happens in the red regions.

other, although both affinities are somewhat biased toward the
affinity of the 8 heme.

Oxygen Equilibrium Properties—To make a direct compari-
son of the x-ray crystal structure with its function, crystals for
oxygen equilibrium measurements were grown under the same
conditions as for x-ray studies except for the absence of glyc-
erol. Before oxygen equilibrium measurements, these crystals
were converted to the oxy form by exposure to light and oxygen.
Then, they were equilibrated with different oxygen pressures,
and absorption spectra were recorded at 21-22 °C. The frac-
tional saturation with oxygen was calculated by a least square fit
of the observed absorption spectra to a linear combination of
the reference spectra of the oxy-, deoxy-, and met- forms of the
same crystal. These three reference spectra for an R crystal and
those for an R2 crystal are present in Fig. 2, A and B, respec-
tively. Typical time courses of deoxygenation experiments at an
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oxygen pressure of 0.857 torr, for the R and R2 crystals, are
shown in Fig. 2, C and D, respectively. As evident from the
comparison between Fig, 2, C and D, the oxygen affinity of the
R2 crystals is higher than that of the R crystals, and the equili-
bration time required by the R2 crystals (<30 min) is much
shorter than that by the R crystals (about 6 h) when comparing
the crystals of similar thickness. It is currently unclear why the
higher affinity R2 crystals require a shorter equilibration time
(in general the reverse is true), but one interesting possibility is
that the more flexible distal pockets observed in R2-COHbC
could facilitate the ligand binding reaction in crystals. During
these deoxygenation experiments, the methemoglobin con-
tents of the R and R2 crystals were increased to 26 and 10%,
respectively (see Fig. 2, E and F). However, previous study by
Rivetti et al. (18) demonstrated that the fractional saturation
with oxygen in crystals is independent of the presence of ferric
hemes as long as the cooperativity is very small or absent. We
below show that both crystalline samples actually meet this
condition. Note that in this study only the data points in the
upper 50% of fractional saturation could be collected because of
the slow equilibration with oxygen, resulting from the very high
oxygen affinity of the crystals. For example, as expected from
Fig. 2C, the overall equilibration time of this crystal at an oxy-
gen pressure below 0.2 torr would be longer than a day, making
it difficult to obtain reliable data.

Hill plots of the oxygen dissociation curves for the R and R2
crystals of hemoglobin C are shown in Fig. 3A. Both Hill plots
are linear, at least in the range above half-saturation, with slopes
of close to unity. Specifically, the Hill coefficient, #, for the R
and R2 crystals is 0.99 = 0.03 and 1.04 * 0.02, respectively,
demonstrating the absence of cooperativity in oxygen binding
by both relaxed quaternary conformations in the crystals. The
reversibility of the oxygen binding was ensured by the agree-
ment between the deoxygenation data and the corresponding
oxygenation data. The oxygen pressure at half-saturation, P,
for the R and R2 crystals is 0.29 = 0.03 and 0.12 =+ 0.01 torr,
respectively, indicating that the R2 crystals have an ~2-3 times
higher affinity for oxygen compared with that of the R crystals.

However, we should keep in mind that different solvent con-
ditions used for the R and R2 crystals (i.e. high salt conditions at
pH 7.2 for the R crystals, and low salt conditions at pH 7.6 for
the R2 crystals) may affect differently the oxygen equilibrium
properties of hemoglobin. Although both crystals are difficult
to investigate under the same salt conditions, the adjustment of
crystallization pH is much more feasible. Indeed, the R2 crystals
grown at pH 7.2 were found to be isomorphous with those
grown at pH 7.6 by determination of the unit cell parameters.
Therefore, we determined the oxygen equilibrium curve of the
R2 crystals grown at pH 7.2 to examine the effect of pH. As
shown in Fig. 3B, the Hill plot of the oxygen equilibrium curve
of the R2 crystals at pH 7.2 (1 = 1.02 % 0.03; P, = 0.13 = 0.01
torr) is very similar to that at pH 7.6, demonstrating that the
difference in oxygen affinity between the R and R2 crystals is
not due to the difference in pH. Note that although phosphate is
known as an allosteric effector, available oxygen equilibrium
data on hemoglobin A consistently show that the fourth oxygen
equilibrium constant of human hemoglobin in solution (K}) is
almost insensitive to the phosphate concentration in the range
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FIGURE 2. Optical absorption spectra of crystalline hemoglobin C in the R and R2 quaternary structures. Reference spectra of crystalline hemoglobin C,
in the Rand R2 state, are shown in A and B, respectively. In each panel, spectra of the oxy-, deoxy-, and methemoglobin are shown as solid, dashed, and dotted
line, respectively. Typical time courses of deoxygenation experiments at an oxygen pressure of 0.857 torr for the R and R2 crystals, are shown in C and
D, respectively. The fractional saturation of the ferrous hemes with oxygen (Y) was calculated by a least square fit of the observed absorption spectra to a linear
combination of three reference spectra and a base-line offset. In £, the absorption spectrum of the R crystal equilibrated with oxygen at a pressure of 0.857 torr
for 6 h is fitted with the reference spectra (dotted line). The fractional amounts of oxy-, deoxy-, and met- forms are calculated to be 54.6%, 19.7%, and 25.7%,
respectively. In F, the absorption spectrum of the R2 crystal equilibrated with oxygen at a pressure of 0.857 torr for 2 h is fitted with the reference spectra (dotted
line). The fractional amounts of oxy-, deoxy-, and met- forms are calculated to be 81.0%, 9.4%, and 9.6%, respectively.

of 0-0.1 M (33, 34). Thus, the evidence collected to date indi-
cates that phosphate is an allosteric effector, which lowers the
oxygen affinity of hemoglobin by shifting the allosteric equilib-
rium toward the T state and by lowering the oxygen affinity of
the T state (K-.), but without changing the oxygen affinity of the
R state (Ky) (34).

Our results do not provide information about functional het-
erogeneity between the « and B subunits. However, this does
not affect our conclusions because, as already mentioned, the
contributions made by the o and  hemes to apparent oxygen
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saturation are not so much different between the R and R2
crystals. Moreover, previous studies have shown that in solu-
tion the oxygen affinities of the & and B8 subunits within high
affinity state hemoglobin are nearly identical (35, 36).
Interestingly, as shown in Fig. 3, the dotted straight line cor-
responding to the fourth oxygen equilibrium constant of
human hemoglobin in solution (K, = 0.19 torr at 20 °C) (37)
falls right in the middle between the Hill plots of the R and R2
crystals, suggesting that the oxyhemoglobin solution may con-
tain nearly equal amounts of the R and R2 state. This is consis-

ACEVEN

VOLUME 286+NUMBER 38+SEPTEMBER 23,2011

Z102Z ‘gl ABN U0 ‘NYYDIVA VANMNSL 18 B10og'mmm woly papeojumoq



Compatrison of Two Relaxed-state Hemoglobin Crystals

A 1000

Y/(1-Y)

0.01 | £ "

0.001 ol & L wl L 1
0.01 0.1 1 10 100 1000 10*

Partial Pressure of Oxygen (torr)
B 1000 —

100

10

Y/(1-Y)

0.1 b/

0.01

10 100 1000 10*

0.0071 Lorsst
0.01 0.1 1

Partial Pressure of Oxygen (torr)

FIGURE 3. Hill plots of the oxygen equilibrium curves of crystalline hemo-
globin Cin the Rand R2 quaternary structures. A, crystals of hemoglobin C
in the R (circles) and R2 state (squares), which were suspended in 0.8 m
NaH,PO, and 1.7 MK ,HPO, (pH 7.2) and 25% (w/v) PEG3350 and 50 mm HEPES
(pH 7.6), respectively, were equilibrated with either decreasing (open sym-
bols) or increasing (closed symbols) oxygen pressures at 21-22 °C. B, crystals of
hemoglobin Cin the R2 state (triangles), which were suspended in 25% (w/v)
PEG3350 and 50 mm HEPES (pH 7.2), were equilibrated with either decreasing
(open symbols) or increasing (closed symbols) oxygen pressures at 21-22 °C. In
each panel, the solid lines through data points represent the least squares fit of
the deoxygenation data to the Hill equation. For comparison, the dotted
straight line corresponding to the fourth oxygen equilibrium constant of
human hemoglobin in solution (K, = 0.19 torr at 20 °C) (37) and the dashed
straight line corresponding to the lowest affinity of solution deoxyhemoglo-
bin (K = 175 torr at 20 °C) (37) are drawn.

tent with the previous NMR finding that the quaternary struc-
ture of carbonmonoxyhemoglobin A in solution is a dynamic
intermediate between the energetically equivalent R and R2
crystal structures (13).

Previous x-ray crystallographic studies have identified a
number of relaxed states of carbonmonoxyhemoglobin A,
namely, R, R2, RR2, R3, and RR3, each of which has a distinct
quaternary structure (8,9, 11, 16, 30). It has been suggested that
the R2 state may be the relaxed end state in a T—R—R2 allos-
teric pathway (12), and the RR2 state is an intermediate during
the R—R2 transition (16). The R3 state, characterized by the
smallest central water cavity among known conformations, has
also been proposed as another relaxed end state in a T—R—R3
pathway (16). A recently discovered new relaxed state (referred
to here as RR3) appears to lie in the pathway of the R—R3
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transition (30, 38). Based on the different structural features at
the central cavity and the 3 distal His(E7), Safo et al. have pro-
posed that R, R2, R3 and other potential relaxed conformations
represent different physiological states with different oxygen
affinities, with R and R3 exhibiting the lowest and highest oxy-
gen affinity, respectively (16, 30, 38). Until now, however, there
is no direct functional evidence for, or against, this proposal.

Our study demonstrates that within single crystals both of
the R and R2 states exhibit similar noncooperative oxygen equi-
librium curves with a very high affinity for oxygen, comparable
with the fourth oxygen equilibrium constant (K,) of human
hemoglobin in solution (Fig. 3). Accordingly, little change in
oxygen affinity is expected to occur during the R—RR2—>R2
transition. Although our data do not provide direct information
on the R3 and RR3 states, we would like to point out that all of
the oxygen affinities of other relaxed states, R, R2, and RR2, are
very similar to the oxygen affinity of solution relaxed state (K,)
(34), which is an average over the ensemble of relaxed states
existing in solution (such as R, R2, RR2, R3, and RR3). There-
fore, it is unlikely that only the oxygen affinities of the R3 and
RR3 states are substantially different from Ky, if these states are
significantly populated under physiological conditions. Overall,
we can conclude that the multiple relaxed conformations of
fully liganded hemoglobin do not have a significant physiolog-
ical role, but rather reflect interconvertible quaternary states all
of which show a very high affinity for oxygen.

It is important to note here that the current success of deter-
mining the oxygen equilibrium curves of the R or R2 crystals is
largely due to the use of hemoglobin C instead of hemoglobin A.
Indeed, we found that deoxygenation of the R or R2 crystals of
hemoglobin A caused irreversible behavior, presumably due to
the occurrence of R-to-T transition. Increasing the concentra-
tion of the precipitant (phosphate or PEG) did not improve the
reversibility, in contrast to the case of the T state crystals (18).
We speculate that the precipitant displaces the hydration water
from the hemoglobin molecule, which stabilizes the less
hydrated T state but destabilizes the more hydrated R (or R2)
state (39).

In summary, we have shown that, in crystals, both of the R
and R2 structures exhibit similar noncooperative oxygen equi-
librium curves with a very high affinity for oxygen, comparable
with the K, of human hemoglobin in solution. Although the
oxygen affinity of the R2 structure is 2-3 times higher than that
of the R structure, this difference is energetically less important
considering the entire affinity change of human hemoglobin (a
500 —1000-fold change in oxygen affinity) (34, 37). More impor-
tantly, because both the affinities of the R and R2 structures are
high enough to saturate hemoglobin with oxygen in the lungs,
the oxygen transport activity of hemoglobin is not influenced
by which conformation fully liganded hemoglobin adopts. Our
high resolution x-ray data show that the heme environmental
structure of the R state is not so much different from that of the
R2 state despite the large quaternary difference between them.
Altogether, these results indicate that multiple relaxed confor-
mations of fully liganded hemoglobin do not play a physiologi-
calrole in oxygen transport, but simply reflect a structural poly-
morphism of a high affinity relaxed state.
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Crystal structure of the human centromeric
nucleosome containing CENP-A

Hiroaki Tachiwana'*, Wataru Kagawa'*, Tatsuya Shiga'*, Akihisa Osakabe', Yuta Miya', Kengo Saito', Yoko Hayashi-Takanaka®,
Takashi Oda®, Mamoru Sato®, Sam-Yong Park®, Hiroshi Kimura® & Hitoshi Kurumizaka'

In eukaryotes, accurate chromosome segregation during mitosis
and meiosis is coordinated by kinetochores, which are unique
chromosomal sites for microtubule attachment. Centromeres
specify the kinetochore formation sites on individual chromo-
somes, and are epigenetically marked by the assembly of nucleo-
somes containing the centromere-specific histone H3 variant,
CENP-A*"?, Although the underlying mechanism is unclear,
centromere inheritance is probably dictated by the architecture
of the centromeric nucleosome. Here we report the crystal struc-
ture of the human centromeric nucleosome containing CENP-A
and its cognate o-satellite DNA derivative (147 base pairs). In the
human CENP-A nucleosome, the DNA is wrapped around the
histone octamer, consisting of two each of histones H2A, H2B,
H4 and CENP-A, in a left-handed orientation. However, unlike
the canonical H3 nucleosome, only the central 121 base pairs of
the DNA are visible. The thirteen base pairs from both ends of the
DNA are invisible in the crystal structure, and the aN helix of
CENP-A is shorter than that of H3, which is known to be important
for the orientation of the DNA ends in the canonical H3 nucleo-
some"’. A structural comparison of the CENP-A and H3 nucleo-
somes revealed that CENP-A contains two extra amino acid
residues (Arg 80 and Gly81) in the loop 1 region, which is com-
pletely exposed to the solvent. Mutations of the CENP-A loop 1
residues reduced CENP-A retention at the centromeres in human

Figure 1| Crystal structure of the human CENP-A nucleosome. a—c, Three

views of the CENP-A nucleosome structure are presented. a, View in the axis of

the DNA supercoil; b, ¢, views from the side of the DNA supercoil. Two CENP-

cells. Therefore, the CENP-A loop 1 may function in stabilizing
the centromeric chromatin containing CENP-A, possibly by pro-
viding a binding site for trans-acting factors. The structure pro-
vides the first atomic-resolution picture of the centromere-specific
nucleosome.

Octasome and hemisome models have been proposed for the
CENP-A nucleosome architecture. In the octasome model, two each
of histones H2A, H2B, H4 and CENP-A form a histone octamer, and
about 150 base pairs of DNA are wrapped in a left-handed orientation
around the histone octamer, as in the canonical H3 nucleosomes'*"".
In the hemisome model, however, one each of histones H2A, H2B, H4
and CENP-A™" form a heterotypic tetramer, and the DNA is
wrapped in a right-handed orientation around the tetramer®.

To reveal the architecture of the CENP-A nucleosome, we prepared
the nucleosome using bacterially expressed human histones H2A, H2B,
H4 and CENP-A'**" (Supplementary Fig. 1) and a 147-base-pair
palindromic DNA, which was designed from a human o-satellite
sequence containing a binding site for the centromeric protein, CENP-
B (Supplementary Fig. 2). The CENP-A nucleosome was reconstituted
by a salt-dialysis method, and crystallized as described (Supplementary
Methods). The structure was determined at 3.6 A resolution (Fig. 1,
Supplementary Table 1). The crystal structure revealed a histone octamer
containing two each of histones H2A, H2B, H4 and CENP-A, with the
DNA wrapped in a left-handed orientation around the histone octamer
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A molecules are shown in magenta and green, respectively. The central 121-
base-pair DNA region, which is visible in the CENP- A nucleosome structure, is
shown in dark blue.
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(Fig. 1). The overall structure is quite similar to those of previously solved
nucleosomes containing other histone H3 variants******. The left-handed
DNA wrapping in the crystal structure was also observed in biochemical
experiments. CENP-A oligonucleosomes assembled on circular plasmid
DNA by a salt-dialysis method or in the presence of human histone
chaperones, NAP1 and somatic nuclear autoantigenic sperm protein
(sNASP)**, under physiological salt conditions, introduce left-handed
(negative) supercoils in the DNA (Supplementary Figs 3 and 4). These
results strongly indicate that the DNA wrapped in a left-handed orienta-
tion is the predominant form in the human CENP-A nucleosome.

In the free CENP-A~H4 structure reported previously*®, the CENP-
A-CENP-A interface is substantially rotated relative to the H3-H3
interface, indicating that the CENP-A-H4 tetramer may be more
compact than the H3-H4 tetramer. However, this specific shape of
the CENP-A-CENP-A interface may only be observed in the free
CENP-A-H4 tetramer, because the CENP-A-CENP-A interface in
the present structure was nearly identical to that of the H3-H3 inter-
face in the canonical H3 nucleosome. Consistently, small-angle X-ray
scattering (SAXS) measurements of CENP-A and H3 nucleosomes
generated nearly identical SAXS curves and distance distribution func-
tions (Supplementary Fig. 5). These results indicate that the global
structures of the CENP-A and H3 nucleosomes are quite similar. In
addition, a compact CENP-A nucleosome model containing 147 base-
pair DNA constructed from the free H3-H4 tetramer structure’
generated a significantly different SAXS curve and distance distri-
bution function from those of a CENP-A nucleosome model contain-
ing 147 base pair DNA based on the CENP-A nucleosome crystal
structure, which was very similar to the experimental data (Sup-
plementary Fig. 6). Therefore, the CENP-A nucleosome structure is
probably not compacted as was suggested previously™.

Although the overall structure of the CENP-A nucleosome resembles
that of the canonical H3 nucleosome, in the CENP-A nucleosome struc-
ture, only the central 121 base pairs of the DNA are visible, and thus the
thirteen base pairs from both ends of the DNA are disordered (Fig. 1 and
Supplementary Fig. 7). This observation indicates that the DNA regions
at the entrance and exit of the CENP-A nucleosome lack a fixed con-
formation. This is consistent with the previous report showing that the
DNA segments at the entrance and exit of the CENP-A nucleosome are
more flexible than those of the canonical H3 nucleosome®*. We found
that the CENP-A nucleosome can be reconstituted on a 121 base pair
DNA (Supplementary Fig. 8). The CENP-A nucleosome induced super-
coils into plasmid DNA less efficiently than the H3 nucleosome, which
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also indicates that the DNA is partially unwrapped in the CENP-A
nucleosomes (Supplementary Fig. 9). Furthermore, the exonuclease
assay revealed that the DNA ends of the CENP-A nucleosomes were
more susceptible to exonuclease III digestion, compared to those of the
H3 nucleosome (Supplementary Fig. 10). Similar results were obtained
with other DNA sequences without the CENP-B box (Supplementary
Fig. 10). Moreover, the SAXS data showed that the maximum dimension
Dpax (Dimax = 165 A) of the CENP-A nucleosome is slightly longer than
that of the H3 nucleosome (D, = 147 A), which probably reflects the
unwrapped conformations of the thirteen base pairs from both ends of
the DNA in the CENP-A nucleosome (Supplementary Fig. 5).

This difference in the DNA end structures can be explained by the
structural differences between the amino-terminal regions of CENP-A
and H3 (Fig. 2a). Previous crystal structures of the canonical H3
nucleosome revealed that the loop segment preceding the oN helix
of H3 interacts with the ends of the DNA, and seems to stabilize their
orientations (Fig. 2b)"****". Thus, the length of the N helix seems to be
an important factor for maintaining the DNA orientation at the
entrance and exit of nucleosomes. The oN helix of CENP-A is at least
one helical turn shorter than that of H3, and the preceding region is
completely disordered (Fig. 2b). The DNA conformations at the
entrance and exit of the nucleosome are clearly related to the organ-
ization of the nucleosomes®, particularly within the heterochromatin,
where the nucleosomes are presumably tightly packed. A previous
study indicated that the centromeric DNA binding protein, CENP-
B, binds efficiently to its recognition sequence™, if the sequence is
located near the entrance or exit of the CENP-A nucleosome'®. The
flexible nature of both ends of the DNA in the CENP-A nucleosome
structure may be an inherent property that facilitates the binding of
CENP-B, and possibly other centromeric DNA-binding proteins.
Thus, the aN helix of CENP-A may have a key role in allowing the
DNA to adopt the specific conformations at the entrance and exit of the
nucleosome, which are not observed in the canonical H3 nucleosome.

It is notable that CENP-A-DNA contacts may exist at the flexible
DNA ends of the CENP-A nucleosome. In the exonuclease digestion
experiments (Supplementary Fig. 9), we observed DNA fragments
longer than 121 base pairs, suggesting that the CENP-A-DNA con-
tacts may extend beyond 121 base pairs of DNA. Furthermore, the
CENP-A nucleosome reconstitution efficiency was slightly lower with
a 121-base-pair DNA, compared to that with a 147-base-pair DNA
(Supplementary Fig. 8). A possible interpretation is that the CENP-A~
DNA contacts extending beyond 121 base pairs of DNA may stabilize
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Figure 2 | Structure of the DNA entrance and exit of the human CENP-A
nucleosome. a, Secondary structure of CENP-A in the nucleosome. The
sequences of human CENP-A and H3 are aligned with the secondary structure
elements. b, Close-up views of the oN helices and the DNA edge regions of the

CENP-A (left panel) and H3 (right panel) nucleosomes. The dashed line in the
left panel shows the DNA region that is not visible in the crystal structure. The
CENP-A and H3 molecules are shown in magenta and orange, respectively.
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