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ABSTRACT: Human Npm?2 is an ortholog of Xenopus nucleoplasmin
(Np), a chaperone that binds histones. We have determined the crystal
structure of a truncated Npm?2-core at 1.9 A resolution and show that the
N-terminal domains of Npm2 and Np form similar pentamers. This
allowed us to model an Npm2 decamer which may be formed by
hydrogen bonds between quasi-conserved residues in the interface between
two pentamers. Interestingly, the Npm2 pentamer lacks a prototypical
Al-acidic tract in each of its subunits. This feature may be responsible for
the inability of Npm2-core to bind histones. However, Npm2 with a
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large acidic tract in its C-terminal tail (Npm2-A2) is able to bind histones

and form large complexes. Fluorescence resonance energy transfer experiments and biochemical analysis of loop mutations
support the premise that nucleoplasmins form decamers when they bind H2A-H2B dimers and H3-H4 tetramers simultaneously.
In the absence of histone tetramers, these chaperones bind H2A-H2B dimers with a single pentamer forming the central hub.
When taken together, our data provide insights into the mechanism of histone binding by nucleoplasmins.

pm2 is the mammalian ortholog of nucleoplasmin (Np),

a well-characterized histone chaperone in Xenopus oocytes
and early embryos."” Nucleoplasmin 2 expression is limited to
oocytes, where it accumulates in nuclei and is excluded from
nucleoli.’ In mouse embryos, Npm2 is present until the 8-cell
stage and is then down-regulated.® In npm2~/~ mice there is a
reduced cleavage of fertilized eggs to the two-cell stage, which
renders these females less fertile. In addition, the architecture of
cell nuclei is altered in knockout cells, as nucleoli appear
fragmented and chromatin compaction is adversely affected.
These defects persist in early zygotes.” Thus, Npm2 may
function as a histone chaperone to help remodel chromatin
in oocytes and early embryos,® but this has not been
demonstrated directly. Interestingly, Npm2 does not appear
to be required for sperm chromatin decondensation, while Np
plays an important role in this process in Xenopus eggs during
fertilization.”

The general importance of histone chaperones is shown by
the propensity of DNA to be damaged when nucleosome
assembly is compromised, and conversely, free histones may
also be detrimental to cells.* In Xenopus oocytes, Np may form
storage complexes with H2A-H2B dimers while N1 associates
with H3-H4 tetramers. Working in concert, these chaperones
may direct nucleosome assembly in the early embryo.”~” Npm2
and Np have an overall sequence identity of ~46%. Both
chaperones contain a conserved N-terminal domain (the core),
followed by a C-terminal tail that contains two acidic tracts
(denoted A2 and A3), with a bipartite nuclear localization signal
located between them (Figure 1A).* Acidic tracts in Np are
disordered and play a role in binding core histones” "' and linker
histones.'” This includes a short acidic loop in the N-terminal
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domain (the Al-tract), which may interact with sperm basic
. 13,14 . 9—11
proteins and histones.

Crystal structures have been determined for N-terminal
domains of Xengpus Np and NO38”'""> Drosophila NLP'® and
human Npm1.'® This core domain is responsible for pentamer
formation, and in three of the crystal structures, decamers are
formed by the face-to-face association of two pentamers. In
each decamer, salt bridges are formed by conserved residues in
the AKDE and K-loops of opposing subunits in the two

9,11,16 . .
pentamers. Pentamers and decamers in the Np family may
. 5 9-11,16 .
each play a role in histone binding, but the precise
mechanism is currently being debated.'” ™"

In this paper, we present the crystal structure of a human
Npm2-core pentamer. We then analyzed histone binding by
Npm?2-core and a longer version of the chaperone that contains
a large acidic tract in the C-terminal tail (Npm2-A2). These
studies show that hNpm2 requires the A2-tract to bind core
histones. This is due to the fact that each Al-loop in Npm2
contains only a single acidic residue, which greatly reduces its
electrostatic contribution to histone binding. We also made
loop exchange mutants between Npm2 and Np to test the roles
of the Al- and A2-tracts. On balance, we find the Al- and A2-
tracts of Np may act synergistically in histone binding. We also
show that Npm2 and Np form decamers when they bind the
four core histones, while H2A-H2B dimers bind to a single
pentamer. We then modeled an Npm2 decamer to reveal
compensatory changes in residues of the AKEE and Q-loops of
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Figure 1. Domain organization, sequence alignment, and monomer structure of Npm2. (A) The domain architecture of Npm2 is shown with acidic
tracts colored in red, the bipartite NLS in blue, and a C-terminal, basic KR-rich region in light blue. (B) A sequence alignment for Npm2- and
Np-core domains is shown with S-strands indicated by black arrows. Important loops are highlighted in yellow, acidic residues are shown in red, and
additional residues that may participate in decamer formation are highlighted in cyan. (C) The Npm2-core subunit is shown as a ribbon diagram
(in blue), overlaid onto Np-core (in red). The position and approximate size of the Al-loop are indicated by a dotted loop, and the f-hairpin of Np
is labeled (SH). A bulge in the AKEE-loop is present relative to the equivalent AKDE-loop of Np. (D) A salt bridge network extends across the top
surface of the Npm2-core domain. In addition, hydrogen bonds are also present between GluS7 and Ser86, and a second network is formed on the

external face centered on Glu63. Ribbon figures were made with Chimera.
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this chaperone. These residues may form hydrogen bonds
between opposing pentamers when chaperone decamers are
formed during histone binding. Finally, we present FRET and
biochemical data to support a model in which H2A-H2B dimers
bind directly to nucleoplasmins, followed by the addition of
H3-H4 tetramers at higher radius to form larger complexes.

B EXPERIMENTAL PROCEDURES

Cloning and Chaperone Expression. The human Npm2
gene in pET23> was used to create all hNpm2 variants using
the QuikChange XL site-directed mutagenesis kit (Stratagene).
For hNpm2-A2 (M1-D152), a stop codon was inserted after
Asp152. The hNpm2-core domain (T15-E122) was created by
inserting Ndel and Hind III restriction endonuclease sites at
the 5" and 3’ ends using PCR. The resulting core fragment was
subcloned into the T7 expression vector pRK172. Full length
Np DNA in pRK172 was modified to create all Np variants.
First, a truncated N-terminal domain was created by removing
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Ala2-Lys10. Np-A2 (Npl1—149) and cNp (11—124) were
created by inserting double stop codons after residues Ser149
and Tyr124, respectively. Al-loop mutants of hNpm2-A2 and
Np-A2 were created by exchanging the Al-loop sequence
(Q*LEGK) of Npm2 with the Al-tract sequence of Xenopus
laevis Np (E**DDEE). This substitution was also introduced
into the hNpm2- and Np-core constructs. Two different
AKDE-/K-loop double mutants of Np-A2 were also created:
Np-A2 (AKDE to AGGG and K82S) and Np-A2 (AKDE to
AGEE and K82E). With the exception of hNpm2-core, all
proteins were constitutively expressed at 37 °C overnight (18 h)
in E. coli BL21(DE3) cells using 2xYT media supplemented
with 0.5% glycerol, 0.2% lactose, and 2 mM MgCl,/ MgSO4.20
hNpm?2-core cells were grown in LB medium at 37 °C and
induced with 1 mM IPTG for 3 h.

hNpm2 and Np Purification. For Npm2, pelleted cells
were resuspended in S0 mM Tris-HCI pH 8, 100 mM NaCl,
S mM EDTA, S mM 2-mercaptoethanol, and 1 mM PMSF and
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then lysed with lysozyme and deoxycholic acid.” Lysates were
spun at 100000g, the supernatant was again treated with
lysozyme (2 mg/mL) for 30 min on ice to facilitate DNA
precipitation, and the solution was cleared with a second high
speed spin. Supernatants were treated at 80 °C for 10 min and
denatured proteins removed by centrifugation. Heat stable
hNpm2-core was applied to a 1 mL HiTrap CM FF column
(GE Healthcare) equilibrated with S0 mM Na,HPO,, pH 6.0,
100 mM NaCl, and 5 mM p-mercaptoethanol. Protein was
eluted using a 0.1—1.0 M NaCl gradient; fractions were pooled,
dialyzed against buffer containing 25 mM Tris-HCl pH 7.5,
100 mM NaCl, and then concentrated using a Centriprep YM-10
(Millipore) to 16 mg/mL for crystallization. Supernatant
containing hNpm2-core with the Xenopus Al-tract was
processed similarly using a 1 mL HiTrap DEAE FF column
(GE Healthcare) equilibrated in 50 mM Na,HPO,4, pH 7.5,
100 mM NaCl, and 5 mM p-mercaptoethanol. Extracts of
hNpm2-A2 with and without the Xenopus Al-tract substitution
were brought to 60% saturation with AMS and spun to remove
precipitated contaminants. Proteins were then precipitated by
adjusting the pH to ~4.5 with 1 N HCI, resolubilized, and
further purified on a HiTrap DEAE FF column as above.

To purify Xenopus Np, cells were lysed in buffer containing
50 mM Na,HPO, pH 8.0, 100 mM NaCl, 5 mM MgCl,, 1 mM
EDTA, and 1 mM PMSF using the lysozyme/deoxycholic acid
method. Soluble proteins were heated to 80 °C for 10 min and
centrifuged to remove precipitated material. Np-A2 was brought
to 80% saturation with AMS and spun to remove precipitants,
and the pH was decreased to ~4.5 using 1 N HCl to precipitate
soluble Np-A2. The protein was resolubilized in 50 mM
Na,HPO, pH 8.0, 100 mM NaCl, applied to 1 mL HiTrap CM
FF and HiTrap DEAE FF columns (GE Healthcare) linked in
tandem, and then eluted from the anion exchange resin using
a NaCl step gradient in 25 mM Tris-HCI pH 7.5 with salt
concentrations increased in 0.2 M increments. Np-A2 and its
variants eluted with 0.4 M NaCl and purified proteins were
concentrated using a Centriprep YM-10.

Np-core and the Al-loop exchange mutant were purified
following the 80 °C heat treatment by passing them over
DEAE-DES2 resin (Whatman) equilibrated with 25 mM Tris-
HCI pH 7.5, 0.1 M NaCl. Both proteins were eluted with a NaCl
step gradient at 0.4 M NaCl. Purified Np-core was concentrated
by the addition of 80% AMS and then lowering the pH to
about 4.5, while the Al-loop mutant precipitated with 80%
AMS. All chaperones were flash frozen in liquid nitrogen and
stored at —80 °C. A native gel of purified chaperones is shown
in Figure 1 of the Supporting Information. The overall mobility
of each chaperone is generally consistent with the number of
acidic residues in their acidic tracts and is modulated by changes in
hydrodynamic radii.

Histone Purification. Core histones were purified from
chicken erythrocytes*' with the following modifications. Lysed
nuclei released a highly compacted chromatin nucleoid that was
visualized under a light microscope (ie., chromatin balls).
Chromatin content was quantitated using a Neubauer
hemocytometer, and the concentration adjusted to ~1.5 X
10° chromatin balls/mL. To 30 mL of chromatin balls, Tris-
HCI pH 8.5 was added to a final concentration of 30 mM, and
CaCl, and PMSF were added to 1 mM; micrococcal nuclease
(Worthington Biochemical Corp.) was then added to S units/mL.
The sample was prewarmed at 37 °C for S min, heparin sulfate
was added to 1 mg/mL, and the sample was incubated 30 min
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at 37 °C. The digestion was stopped by adding EDTA to 2 mM,
and the sample was centrifuged at 4000g for 15 min at 4 °C to
generate soluble long chromatin. Core histones were purified
either as dimers, tetramers, or a mixture using hydroxyapatite
(Bio-Gel HTP, Biorad). The resin-to-histone ratio was critical
for efficient histone recovery; hence, the histone concentration
of long chromatin was quantitated using the Bradford assay
prior to resin binding. Hydroxyapatite (HA) was used as a 25%
slurry in S0 mM NaPO, pH 5.0, 65 mM NaCl, and the long
chromatin was added at a ratio of 1 g HA per 6 mg histones and
incubated for 2 h at room temperature. Resin was settled with
centrifugation and washed twice with the slurry buffer. Linker
histones were eluted with S0 mM NaPO, pH 5.0, 650 mM
NaCl, dimers were eluted with 1 M NaCl, and tetramers were
eluted with 2 M NaCl after dimer removal. A core histone
mixture was purified with a single 2 M NaCl elution. Histones
were concentrated using 60% AMS precipitation and then
resolubilized in 50 mM NaPO4 pH 6.0, 2 M NaCl. These
proteins were then flash frozen in liquid nitrogen and stored
at —80 °C.

Reconstitution of Chaperone—Histone Complexes and
FRET Experiments. Protein concentrations were determined

based on Az measurements using calculated extinction
coefficients and the histone—chaperone complexes were
reconstituted at empirically determined protein ratios, as excess
histones led to aggregation. Np—histone complexes were
reconstituted by mixing the proteins in the presence of 1 M
NaCl and desalting them together through a G25 spin column.’
The spin column was equilibrated in 25 mM Tris-HCI pH 7.5
and 100 mM NaCl for Np-core proteins and in 100 mM
Tris-HCl, pH 7.5 and 100 mM NaCl for Np-A2 proteins.
Since histone complexes with hNpm2 were more prone to
aggregation, individual proteins were first desalted over 1 mL
Sephadex-G2S5 (GE Healthcare) spin columns equilibrated in
100 mM Tris-HCI pH 7.5 and 100 mM NaCl. However,
hNpm2-A2 with the Xenopus Al-loop aggregated in Tris buffer,
so this protein was desalted into 25 mM HEPES-NaOH pH 7.5
and 100 mM NaCl. The approach of using desalted proteins
during reconstitution allowed better control of component
ratios in the complexes. In addition, glycerol (5%) was also
added during complex formation. Glycerol gradients in the
appropriate buffer (10%—40%; 2.2 mL per tube) were used to
assess complex formation."" Gradients were spun in a Sorval
RPSSS rotor (55000 rpm and 17 °C) for S h 4S5 min, and in
total, 15 fractions were harvested from the top. Separation of
proteins by SDS-PAGE was done on discontinuous Tris-glycine
gels, and native gels were run similarly but without SDS.

For FRET experiments, a cysteine mutant of hNpm2-A2 was
designed for labeling with sulfhydryl-reactive fluorophores, by
moving Cys42 to position 40 within the Al-loop (EGKQSCR
to EGKCQSR) to make it more accessible for labeling. This
mutation should not have affected the thermostable pentamer
since Cys42 is not buried in the hydrophobic core and the
Dylight649 labeled chaperone ran as a pentamer on a native gel
(Supporting Information Figure 1, rightmost lane). Expression
and purification were similar to that used for wild-type hNpm2-A2,
with the exception that S mM f-mercaptoethanol was present
at all steps. Np chaperones were labeled similarly at Cys41.
Prior to labeling, chaperones were reduced with 10 mM tris-
(2-carboxyethyl)phosphine (TCEP; Molecular Probes) for 30
min at 22 °C and then spun through a Sephadex-G25 column
equilibrated in 50 mM Na,HPO,, pH 7.5, 100 mM NaC],
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2.5 mM EDTA. Histones were similarly desalted. Chaperones
were labeled with either DyLight 549-malemide or DyLight
649-malemide (Thermo Scientific). The conjugation reaction
mixture contained 100 uL of chaperone at 0.5 mM in
phosphate buffer and 11 pL of fluorophore at 10 mg/mL in
DMSO. The reaction proceeded at ~22 °C overnight. Excess
fluorophore was removed by exhaustive dialysis against 25 mM
Tris-HCI, pH 7.5 and 100 mM NaCl in the dark. Histone
dimers and tetramers were labeled with either the amine-
reactive fluorophore DyLight 549-NHS or DyLight 649-NHS
(N-hydroxysuccinimide ester). These conjugation reactions were
allowed to proceed for 1 h, again followed by exhaustive dialysis.
The extent of protein labeling was evaluated by determining the
protein (based on Ayg) and fluorophore (based on Ap.y)
concentrations using their extinction coefficients and calculat-
ing the ratio of moles of dye per moles of protein. A typical
labeling efficiency was ~0.4 mol of dye per chaperone subunit.
However, the labeling efficiency for Npm2-A2, Np-core, and
Np-A2 varied between 0.2 and 0.6 and also differed for donor
and acceptor pairs. Histone labeling efficiency was also ~0.4—
0.6 per dimer and tetramer, respectively. At this pH, the
labeling may be directed primarily toward N-terminal amino
groups. As shown in Supporting Information Figure 1A,
labeling of Npm2-A2 and Np-core did not perturb their
pentameric structures.

Complexes were reconstituted by mixing components in
equimolar histone—chaperone ratios at 1 uM concentration for
each of the components, followed by incubation for 30 min at
~22 °C. Donor molecules (DyLight-549) were excited at 557 nm
(2.0 nm bandpass), and emission spectra from the acceptor
(DyLight-649; 2.0 nm bandpass) were recorded at ambient
temperature using a FluoroMax-2 spectrofluorimeter (Instruments
SA, Edison, NJ) and plotted with Excel after subtraction of
buffer background and a dilution correction. Each experiment
was repeated 2—3 times with a typical variation of at most ~5%
in the intensity readings.

Human Npm2-Core Crystallization, Structure Deter-
mination, and Refinement. Crystallization experiments
were carried out with the hanging drop method using Linbro
plates with 2 uL of hNpm2-core (8 mg/mL) and 2 uL of
mother liquor in the drop and 0.5 mL of mother liquor in the
well. Crystals with a square or rectangular morphology were
obtained in 20% (v/v) PEG 3350, 100 mM NaCl, 25 mM Tris-
HCI, pH 7.5. Data sets were collected on beamline X8C at
the NSLS and processed with the HKL2000 program suite.>”
The structure was solved in space group P2; by molecular
replacement with EPMR,* using an Np pentamer (1KSJ) as
the reference. The EPMR solution showed two pentamers per
asymmetric unit, and resulting models were then mutated to
the hNpm2-core sequence. Initial rigid body refinements gave
an Rge. of 0.38. At this point, the complete hNpm2-core
subunit could be traced with the exception of the Al-loops
and f-hairpin turns. This model was subjected to positional
refinement with strict NCS restrains in CNS** followed by
rebuilding in Coot.>® Cycles of simulated annealing with
restrained refinement, B-group refinement, and water picking
were performed in PHENIX, alternating with rebuilding in
Coot. The resulting model was verified by manual inspection.
All of the Al-loops and f-hairpin turns were disordered in the
final model. Refined pentamer models were validated using
PROCHECK,*” and no residues were in the disallowed region

8081

of the Ramachandran plot. Molecular graphics were made with
Chimera.””

B RESULTS

Structure of the Human Npm2 Monomer and
Pentamer. Initially, we expressed full length human Npm2

in E. coli, and these molecules were clipped after the A2-tract by
endogenous proteases (see Figure 1A). On the basis of the
known flexibility of the C-terminal tail in Np-family members,
we then cloned and expressed the N-terminal core domain.
This region readily crystallized in space group P2; with two
pentamers per asymmetric unit. The structure was solved at
1.9 A by molecular replacement using an Np-core pentamer as
a search model (1KSJ). Final refinement statistics are given in
Table 1. As expected, the Npm2 oligomerization domain is an
8-stranded f-barrel and Ca main-chain atoms of aligned
Npm2- and Np-core subunits have a calculated rmsd of 0.61 A.
The positions of f-strands are shown on a sequence alignment
(Figure 1B), and overlaid Npm2- and Np-core subunits are
presented in Figure 1C.

A number of features in the Npm2-core structure are of
interest. First, a prominent f-hairpin in the Npm2 subunit is
three residues longer than in Np and residues Ala68-Gln76
are disordered (Figure 1A,B), as they generally are for Np
subunits.”'® Second, the Al-loop of Npm2 contains a single
acidic residue (Glu37), rather than multiple acidic residues (3—12)
that are present in other Np-family members. The Al-loop is
located between strands 2-#3 and is disordered in all subunits.
Third, there is a bulge in the AKEE loop (equivalent to AKDE in
Np) that may play a role in decamer formation. Fourth, an
extended salt bridge network is anchored by Lys56 and GluS8 of
the AKEE loop and involves Ser110, GIn2S, Glu26, and Ser24
(Figure 1D). Fifth, GluS7 in the AKEE loop makes a hydrogen
bond to Ser86 in the adjacent Q-loop. Finally, a highly conserved
glutamate on the f-hairpin (Glu63) makes a hydrogen bond with

Table 1. Crystal Information, Data Collection, and Refinement
Statistics®

crystal data

space group P2,

unit cell (A) 49.0 107.2 108.7
unique angle (deg) B =1025
asymmetric unit (asu) two pentamers
residues 862
reflections 82427

data cutoff F>0
Rierge” 0.05 (0.265)
% completeness 95.5

1/6(I) 184 (6.4)
refinement statistics

resolution 40.5—-1.9
Reryst/Reree 0.19/0.24
rms deviations

bond lengths (&) 0.012

bond angles (deg) 1.37

mean B value (all atoms) 334
waters/asu 305
Ramachandran plot

core areas (%) 89.3
additional allowed areas (%) 10.7

“In the outermost shell.
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Figure 2. Npm2- and Np-core pentamers. (A) The Npm2-core
pentamer is shown as a ribbon representation viewed from the top.
Approximate positions of f-hairpin tips are indicated with dotted
loops, since they are not well ordered. (B) Two independent Npm2-
core pentamers in the asymmetric unit are overlaid. (C) A perfect
Np-core pentamer with 5 f-hairpins (in red)? is shown overlaid with
the human Npm2-core pentamer from panel A (in blue). (D) An
electrostatic surface is shown of three adjacent subunits within the
Npm2-core pentamer. The exposed subunit—subunit interface is
nonpolar (see dashed outlines).

GInl0S and Arg6l to form an extended network that includes
Thr79. A similar interaction occurs in Np between Glu64 and
Argl05.°

The asymmetric unit in the P2, crystal contained two Npm2-
core pentamers, but these molecules did not form a decamer.
After aligning the two Npm2-core pentamers (Figure 2A,B)
and excluding flexible f-hairpins, the rmsd for main chain
atoms was 0.33 A. As expected, human Npm2- and Np-core
pentamers share a conserved subunit packing within their
respective pentamers (Figure 2C). In a previous paper, a
complete f-hairpin was built into density for one subunit in
the Np-core crystal structure.” When this Np-core subunit was
repeated S times in a ring, it created a “perfect” pentamer with
five extended f-hairpins (red pentamers in Figure 2C). By
comparison, the f-hairpin of Npm2-core may be kinked due
to the presence of consecutive proline residues (Pro66,
Pro67) and is then completely disordered for the next 8—9
residues in a region that includes the f-turn. These flexible
P-hairpins could play an important role in histone binding,
since they are located on lateral surfaces of their respective
pentamers (see next sections). Intriguingly, a pair of
conserved acidic residues is located at the tips of the
P-hairpins (Figure 1B) where they could interact with basic
histones.

Finally, the Npm2 pentamer is formed by subunits that

interact through a mostly hydrophobic interface. This interface
is shown in a cutaway view with two subunits removed from the
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pentamer (Figure 2D). The Npm2-core pentamer is markedly
thermostable because no unfolding could be detected to at least
96 °C by circular dichroism (not shown). This property is
shared with Np”'® and may arise in part from the apolar nature
of the subunit interface in the pentamer.

Histone Binding to Human Nucleoplasmin. We next
tested the hypothesis that Npm2 may function as a histone
chaperone. As a control, Np-core histone complexes with H2A-
H2B dimers and H3-H4 tetramers were run on a glycerol
gradient. These large complexes peaked in fractions 10—11 and
have a calculated molecular weight of ~680 kDa, based on our
model (Figure 3A).” GroEL (800 kDa) was used as a molecular
standard and ran in fraction 12 (not shown). In addition,
histone dimers and tetramers remained at the top of the
gradient in the absence of a chaperone (not shown). As
reported previously, the ratio of histone dimers and tetramers

Np-core + dimer/tetramer
A3 4 5 6 7 8 9 10 11 12 13 14 15

H3
= — ZH2B
NH2A
“Ha
Npm2-A2 Np-A2
B 4 5 6 7 9 10 11 12 C3 4 5 6 9 10 11 12
3
0 | ——cm — S -H3 =
e et -
=== | —epas=—SNE=
———— —H4 ——
dimers dimer/tetramer dimers dimer/tetramer
Npm2-A2-xA1 Np-A2-hA1
D 4 5 6 7 9 10 11 12 E3 4 5 6 11 12 13 14
[ 4 L
L |
g o e .
S |5 THB e  __ —
= =T -w=—
NP ~— Hd R ———
dimers dimer/tetramer dimers dimer/tetramer

Figure 3. Histone binding by Npm2 and Np. (A) Np-core binds all
four core histones. The Np chaperone may run as a monomer or
pentamer, depending upon the ligand and buffer conditions, and is
marked with a black square on these gels. In this experiment, Np
remained as intact pentamers in SDS after boiling. (B) Human Npm2-
A2 binds histone dimers (left panel) or a mixture of dimers and
tetramers (right panel). Only peak fractions from the glycerol
gradients are shown. The position of Npm2 chaperone is marked
with a black pentagon for both monomers and pentamers in these
panels. (C) Np-A2 forms large complexes with histone dimers (left
panel) or dimers and tetramers (right panel). (D) Npm2-A2 with the
Al-tract of Np binds histone dimers (left panel) or dimers and
tetramers (right panel). (E) Np-A2 with the Al-loop of Npm2 binds
histone dimers (left panel) or dimers and tetramers (right panel).
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in the complex appears to be ~1:1.” We then mixed all four
core histones with Npm2-core and ran them on a glycerol
gradient. Remarkably, the Npm2-core pentamer did not bind
histones; instead, the proteins remained at the top of the gradient
with some smearing due perhaps to nonspecific interactions
(not shown). The inability of Npm2-core to bind core histones
in the normal way may reflect a paucity of acidic residues in the
Al-loop, since this feature has only one acidic residue (Glu37).
By comparison, Np-core has S acidic residues in the Al-tract
(E35DDEE39, Figure 1B)

This result suggested that Npm2 might use A2- and A3-tracts in
the C-terminal tail to promote histone binding (Figure 1A). Since
we could not express a full length Npm2 in bacteria, we
engineered a protein that contained the larger A2-tract in the
C-terminal tail. After purification, Npm2-A2 was able to bind the
four core histones and form large complexes (Figure 3B, right
panel), in a manner similar to Np.” We also found that Npm2-
A2 bound histone dimers to form smaller complexes, based on
their migration on a glycerol gradient (Figure 3B, left panel).
As a positive control, we engineered a truncated Np-A2, and
this chaperone was used to form complexes with core
histones. The mobility of the Np-A2 histone complexes was
similar to those formed with Npm2-A2, when using histone
dimers and tetramers (Figure 3C, right panel) or just dimers
(Figure 3C, left panel). On the basis of these experiments, we
concluded that Npm2 requires the A2-tract to bind core
histones, whereas Np-core is able to bind histones by using
acidic residues in the Al-tract.”

We then made a series of loop exchange mutants to test the
role of acidic residues in the Al-tract. First we engineered an
Npm?2-core which contained the Al-tract of Np. This mutant
Npm?2-core bound all four core histones weakly when the
complexes were run on glycerol gradients (not shown). In
the reverse experiment, Np-core with the Al-loop of Npm?2 lost
the ability to bind histones and form specific complexes (not
shown). Next, we made an Npm2-A2 chaperone that
contained the Al-tract of Xenopus Np. This chimeric
chaperone bound histone dimers and tetramers (Figure 3D,
right panel) or dimers (Figure 3D, left panel). Conversely, an
Np-A2 chaperone with the Al-loop of Npm2 retained the
ability to bind histone dimers and tetramers (Figure 3E, right
panel) or dimers by themselves (Figure 3E, left panel).
However, there was a tendency for chimeric Np-A2 with
bound histone dimers and tetramers to aggregate a bit, as
reflected by the greater mobility of these complexes in the
gradient (Figure 3E, right panel).

When taken together, these experiments highlight the
importance of the acidic tracts in histone binding. In particular,
the A2-tract is required for histone binding by Npm2. Our data
also suggest that the Al- and A2-tracts of Np act synergistically
in histone binding. This may be a general feature of all Np
family members that have a functional Al-tract.'®"" Importantly,
Np and Npm2 both form complexes with histone dimers. In
addition, each chaperone interacts with histone dimers and
tetramers to create larger complexes with a similar histone
stoichiometry. These data are consistent with the hypothesis
that Npm2 may function as a histone chaperone in cells, even
though it lacks the prototypical Al-tract. While the role of the
smaller A3-tract is not known (Figure 1A), it may further
stabilize histone complexes with nucleoplasmins.

Nucleoplasmins Form a Central Hub for Core
Histones. Previous studies of Np family members suggested
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that a chaperone decamer may bind histones to form large
complexes that contain histone octamers. This hypothesis was
based on sedimentation analysis,” the observed 1:1 ratio of
H2A-H2B and H3-H4 in these complexes, coupled with the
mobility of these complexes on a calibrated molecular sizing
column”'® and on glycerol gradients“ (this work). To further
define the mechanism of histone binding, we wanted to
demonstrate that two chaperone pentamers are present within
the larger histone complexes that contain all four core histones.
We also asked the question: do H2A-H2B dimers bind to a
chaperone pentamer in the absence of H3-H4 tetramers?

To answer these questions, we used fluorescence resonance
energy transfer (FRET) experiments to monitor decamer
formation. First, we labeled Cys41 of Np-core with either
DyLight 549, a malemide-activated donor, or DyLight 649, an
acceptor dye. Cysteine 41 contains the only solvent accessible
SH group in the Np-core subunit and is located adjacent to
the Al-tract on the distal face of the pentamer (Figure 1B).’
The distance between dye molecules on the two distal faces of
the decamer is ~80 A. Hence, dye molecules should show a
FRET signal if donor and acceptor labeled pentamers interact
to form a decamer. Equal amounts of the two labeled Np-A2
pentamers were mixed together (ﬁnal concentration 1 /,tM),
and enhanced emission by DyLight 649 was monitored as a
function of histone addition, relative to a background curve for
Np without added histones. First, we added H2A-H2B dimers
and saw only a small and broadly distributed increase in the
signal (Figure 4A, light gray curve). However, a FRET peak was
observed when similar amounts of H2A-H2B dimers and
H3-H4 tetramers were added to Np-A2 (black curve, Figure 4A).
Importantly, the magnitude of the signal was consistent with
decamer formation given the labeling efficiency, label geometry,
and the number of possible decamers in the population that
would be doubly labeled (50%). Under similar conditions,
labeled Npm2-A2 proteins also gave a clear FRET signal with
bound histone dimers and tetramers (Figure 4B, left), but not
with histone dimers by themselves (not shown). We then made
Np-A2 complexes with an equimolar mixture of histone dimers
and tetramers and added NaCl to a final concentration of 1 M.
Under these conditions, we found that the fluorescence peak
was lost as the complexes disassembled (see hatched bar,
Figure 4B, middle). When taken together, glycerol gradient and
FRET experiments suggest that Np and Npm2 may each form
decamers when histone dimers and tetramers are bound to
these chaperones at the same time. Under these conditions,
the ~1:1 ratio of the core histones indicates that H2A-H2B
and H3-H4 may form octamers. In addition, only a diffuse
fluorescence signal was obtained when histone dimers were
bound to either of the nucleoplasmins. This suggests that H2A-
H2B dimers may bind to chaperone pentamers rather than to
decamers. This idea is consistent with glycerol gradients on the
various complexes (Figure 3B,C) and agrees with solution
X-ray scattering experiments on Np H2A-H2B complexes.18

Since Np-A2 proved to be a more robust molecule for
mutation and bacterial expression, we asked whether Np-A2
could form decamers after mutating residues in the AKDE and
K-loops. These residues form salt bridges in the interface
between opposing pentamers. First, we engineered a double
loop mutant in which charged side chains were replaced with
small uncharged side chains (AKDE to AGGG and K829).
After purification, core histones were added to the Np-A2
double loop mutant and proteins were run on glycerol
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Figure 4. The role of chaperone decamers in binding core histones.
(A) Np-A2 pentamers with appropriate donor and acceptor dyes were
mixed and addition of histone dimers and tetramers gave a FRET
peak. The binding of histone dimers alone gives a rather flat signal
attributed to nonspecific aggregation. The chaperone by itself is shown
with a dashed line. Data for a typical experiment are shown. However,
all experiments were done three times with less than a 5% variation in
the observed intensities. (B) A histogram is shown for similar FRET
studies in which two labeled pools of a chaperone were mixed and
then unlabeled core-histones were added (DT). The plotted data
include results for Npm2-A2, Np-A2, and a double loop mutant of
Np-A2 (AKDE to AGGG and K82S). The absolute intensity of each
FRET signal is dependent on relative labeling efliciencies for the two
chaperone pools. (C) Glycerol gradient peak profiles are shown for
histone complexes made with a double loop mutant of Np-A2 (AKDE
to AGGG and K82S). (left) Smaller histone dimer complexes are
formed with the interface mutant of Np-A2. (right) The Np-A2
interface mutant binds all four core histones to form large complexes.
(D) A highly charged, double loop mutant of Np-A2 (AKDE to AGEE
and K82E) binds histone dimers normally to form smaller complexes.

gradients. In this experiment, mutant Np-A2 chaperones
formed large complexes with histone dimers and tetramers
that were similar to wild-type complexes (Figure 4C, right).
The double loop mutant of Np-A2 also formed normal
complexes with H2A-H2B dimers by themselves (Figure 4C,
left). We then monitored decamer formation with FRET using
Np-A2 loop mutants labeled with donor or acceptor dyes. The
addition of H2A-H2B dimers and H3-H4 tetramers to a
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mixture of the labeled Npm-A2 loop mutants gave a strong
FRET signal, which suggests that chaperone decamers were formed
in the complexes (Figure 4B, right). The addition of 1 M NaCl
greatly reduced the FRET signal from the complexes, but was a
bit less effective than expected, which may reflect some
nonspecific aggregation of mutated chaperones in higher salt.

As a second test, we introduced a strong electrostatic repulsion
into the interface between Np-A2 pentamers by re-engineering
the AKDE loop to AGEE and replacing Lys82 with a glutamate
residue (K82E). This Np-A2 double loop mutant was used to
form complexes with histone dimers and tetramers. However,
when the Np-A2 histone mixture in high salt (~1 M NaCl) was
passed over a G2S desalting column to induce complex
formation, the proteins aggregated and were bound to beads
(not shown). In a parallel experiment, we found that this
repulsive, double loop mutant of Np-A2 was able to bind H2A-
H2B dimers normally (Figure 4D).

In summary, hydrogen bonds between residues in the AKDE
and K-loops may not be strictly required for complex formation
with all four core histones. Therefore, the critical step in
assembling these larger complexes may be the ability of the H3-
H4 tetramer to interact with H2A-H2B dimers on opposing
chaperone pentamers and link them together. The AKDE to
AGEE and K82E double loop mutant was designed to create a
significant electrostatic repulsion in the interface between
opposing pentamers. This prevented decamer formation by Np
when binding the four core histones and led to aggregation,
rather than a facile assembly of larger histone complexes.
Finally, the observation that the repulsive double loop mutant
of Np was able to form chaperone H2A-H2B complexes in a
normal manner provides additional support for the idea that
single pentamers form a central hub in these smaller histone
complexes."®

Modeling an Npm2-Core Decamer. We next created a
model of an Npm2-core decamer, since this species may represent
an active form of the chaperone when it binds histone dimers and
tetramers at the same time. It was hoped that the resulting model
would show why critical loop residues in Npm2 have been
changed relative to Np, with AspS58 going to GluS7 in the AKEE
loop and Lys82 being replaced by GIn84 in the Q-loop. The
Npm2-core decamer was modeled with a rigid body docking of
two Npm2-core pentamers into the crystal structure of an Np-
core decamer (pdb code: 1KSJ). A side view of the modeled
Npm2-core decamer is shown as a ribbon diagram (Figures SA)
and an electrostatic surface representation (Figure 5B). Note that
A2- and A3-tracts in a full length Npm2 decamer would add 300
aspartate and glutamate residues in a charged cloud that envelops
the chaperone. In addition, the 10 NLSs and KR regions would
add about 190 lysine and arginine residues to partly neutralize this
highly charged cloud.

Decamer formation by Np was shown previously to involve
the formation of 5 pairs of water-mediated, hydrogen bonds
involving AspS8 in the AKDE loop and Lys82 in the K-loop
(Figure 5C).” In our model of the Npm2 decamer, the side
chain of GluS7 was adjusted to an appropriate rotamer so that
the distance between the carboxyl group and the side chain amino
group of GIn84 in an opposing subunit is ~2.9 A (Figure SD).
Thus, compensatory changes in these loop amino acids may
allow a hydrogen bond to form directly between opposing
Npm?2 subunits, as occurs in human Npm1 decamers,'® rather
than relying on bridging water molecules, as seen in Xenopus
Np and NO38 decamers.”'" Decamer formation may also be
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Figure 5. A decamer model for human Npm2-core. (A) A side view of
a modeled Npm2-core decamer is shown as ribbons. Side chains of
GluS7 and GIn84 within the interface are shown as sticks. (B) An
electrostatic surface for the Npm2-core decamer is shown in a similar
orientation as panel A. (C) A zoomed-in view is shown of two
opposing Np subunits within the decamer interface. Residues in the
AKDE (AspS8) and K-loops (Lys82) use water-mediated interactions
to form a hydrogen-bonded network between opposing subunits.’
(D) A simple rearrangement of the side chain of GluS7 in the AKEE-
loop would allow the formation of hydrogen bonds between GluS7
and GIn84 in opposing subunits in the modeled Npm2 decamer. A
bulge in the AKEE-loop moves the oppositely facing residues closer
together (see dashed lines).

facilitated by a bulge that alters the path of the AKEE loop in
Npm2 (Figure 1C), which places these loops ~2 A closer together
in the modeled decamer (see dashed lines in Figure SC,D).
This loop geometry may eliminate the necessity for bridging
water molecules.

Finally, Lys56 of Npm2 is hydrogen bonded to GluS8 within
the AKEE loop (Figure 1D). This interaction would position
the LysS6 side chain to avoid electrostatic clashes within the
interface between pentamers. A similar charge neutralization
occurs between equivalent residues in AKDE loops (LysS7 and
Glus59) of Np decamers.” In summary, the possible significance
of an Npm2 decamer in binding core histones may be reflected
by compensatory changes that have occurred in residues of the
AKEE and Q-loops, along with overall changes in the geometry
of AKEE loop.

Relative Histone Positions on Nucleoplasmin Deca-
mers. Previously, we proposed that histone octamers may
assemble on lateral surfaces of an Np decamer when core
histones are bound.” Although Np is thought to be H2A-H2B
specific,” the cha}l)erone will bind H3-H4 tetramers to form
large complexes."' To further our understanding of histone
binding by nucleoplasmins, we evaluated the relative positions
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of H2A-H2B dimers and H3-H4 tetramers in the larger histone
complexes. As a first step, we asked if Np-A2 forms decamers
when the chaperone binds H3-H4 tetramers. In this experi-
ment, separate pools of donor and acceptor labeled Np-A2
pentamers were mixed with histone tetramers. A strong FRET
signal was observed when the ratio was optimized that is
indicative of decamer formation (Figure 6A, left). This result is
consistent with glycerol gradient analysis of the complexes.'!
We next asked whether the FRET signal between donor labeled
Np-A2 and acceptor labeled histone tetramers would be
maintained or reduced when of H2A-H2B dimers were also
present. In this experiment, the measured FRET signal between
H3-H4 tetramers and the chaperone was attenuated by ~40%
when H2A-H2B dimers were present, after subtracting the
background signal from Np-A2 (Figures 6A, middle, and 6B).
This reduced FRET signal may be due to an additional spacing
that has been introduced between donor dyes on the chaperone
and acceptor dyes on H3-H4. This suggests that histone dimers
are bound first to the chaperone followed by tetramers on the
outside.

In a second experiment, we made complexes with donor
labeled Np-A2 and acceptor labeled H2A-H2B dimers, in the
absence or presence of H3-H4 tetramers. In this case, a strong
FRET signal between Np and H2A-H2B dimers was
significantly enhanced in the presence of H3-H4 (~1.6-fold;
Figures 6A, right, and 6C). These data are consistent with the
idea that histone dimers are bound directly to the chaperone
and the increased FRET signal may arise from the effective
dimerization of pentameric Np H2A-H2B complexes upon
binding H3-H4 tetramers. In this scenario, DyLight 549 dye
molecules on one Np pentamer may donate energy to DyLight
649 receptor dyes on H2A-H2B molecules bound to the
adjacent pentamer, thereby enhancing the global FRET signal.
When taken together, the FRET experiments and biochemical
data are consistent with a sequential model of histone binding
to nucleoplasmin. In this model, H2A-H2B dimers bind directly
to Np pentamers. The addition of H3-H4 tetramers on the
outside of these complexes then induces the formation of a
chaperone decamer.’

B DISCUSSION

Npm2: A Histone Chaperone. Three branches of the
Np-family bind core histones, including the nucleoplasmins,
dNLPs, and nucleophosmins.”~'"**** Np assembles nucleo-
somes in an in vitro assay,”>>”*® and Npm2 plays a significant
role in maintaining heterochromatin architecture in oocytes and
embryos.® In addition, Npm2 is required for the function of
centromeric heterochromatin.®® In this study, we show that
human Npm?2-A2 is able to bind core histones and form large
complexes. Since Npm2 lacks the canonical Al-tract that is
present in other Np-family members, the A2-tract is both
necessary and sufficient for this chaperone to bind histones. In
addition, the A3-tract in human and Xenopus nucleoplasmins is
much smaller than the A2-tract and thus is likely to play an
ancillary role in histone binding. On the basis of this data, we
conclude that Npm2 may act as a histone chaperone in oocytes
and early embryos. Xenopus Np is phosphorylated in oocytes on
serine and threonine residues located within flexible N- and
C-termini. The chaperone is then hyperphosphorylated in eggs
prior to fertilization.>* ~>* This markedly enhances the ability of
Np to decondense sperm chromatin®* > and may allow the
chaperone to remove linker histones from chromatin.'” Since
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Figure 6. Sequential binding of histone dimers and tetramers to Np-A2 analyzed with FRET. (A) (left) Separately labeled Np-A2 pentamers
containing donors or acceptors give a strong FRET peak when mixed with unlabeled histone tetramers, presumably due to decamer formation.
(middle) Np-A2 pentamers labeled with donor molecules were mixed with acceptor labeled tetramers or a mixture of unlabeled dimers and labeled
tetramers. The FRET signal from the Np-A2/tetramer coupling is diminished by ~40% when unlabeled histone dimers are present. (right) Acceptor
labeled histone dimers were added to donor labeled Np-A2. A strong FRET signal occurred in the presence of added H2A-H2B dimers because they
are bound directly to Np pentamers. The addition of unlabeled H3-H4 tetramers gave an enhanced FRET signal because twice as many labeled
molecules are in close proximity within the decamer complex. (B) Fluorescence spectra are shown for the addition of histone dimers to a mixture of
donor labeled Np-A2 and acceptor labeled H3-H4 tetramers, as summarized in panel A (middle). (C) Fluorescence spectra are shown for the
experiment in panel A (right). Note the large increase in the FRET signal due to the addition of unlabeled histone tetramers to Np-A2/histone
dimer complexes. An asterisk indicates the acceptor dye labeled ligand in each panel.

Npm?2 is not required for sperm decondensation in knockout
mice,” it is currently unclear whether Npm2 undergoes extensive
phosphorylation.

Chaperone Pentamers and Decamers in Histone
Binding. We have determined the structure of an Npm2
pentamer at 1.9 A resolution to help define its role as a putative
histone chaperone. Importantly, sequence conservation, struc-
tural data, and functional studies all suggest that Npm2 may
bind core histones in a manner similar to Np. Thus, we propose
that human and Xenopus nucleoplasmins bind H2A-H2B dimers
on the lateral surfaces of their respective pentamers (Figure 7A,
left and center panels). When H3-H4 tetramers are recruited,
this results in a functional dimerization of the complex, such
that chaperone decamers are formed with bound histone
octamers (Figure 7A, right panel). In this model, nucleoplasmin
pentamers and decamers may each form a central hub for
bound histones depending upon their histone partners

In support of this model, we have shown that pentamers of
Npm2 and Np each bind H2A-H2B dimers to form smaller
complexes on glycerol gradients, when compared to chaperone
complexes with the four core histones. Moreover, we did not
observe a clear FRET signal between different pools of donor
and acceptor labeled pentamers when H2A-H2B dimers were
bound to human or Xenopus nucleoplasmins. We conclude that
histone dimers bind to a chaperone pentamer (Figures 7B and
7C, left and middle panel), in agreement with low angle X-ray

scattering experiments.18 The five H2A-H2B dimers are
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probably bound to the lateral surface of an Np pentamer,
with some contributions from A-1 tracts on the distal face.'®

On the basis of previous data, we suggested that core histones
may form octamers when they bind to Np decamers.” This idea
is consistent with the apparent ratio of the core histones on
Coomassie-stained SDS gels, coupled with molecular weight
analysis of Np-complexes, which suggested that S histone
octamers bind to an Np decamer (Figure 7C).” In this early
work, we also suggested that histone dimers might bind to Np
decamers, but solution X-ray scattering studies,'® FRET data,
and glycerol gradients now indicate that H2A-H2B dimers are
bound to Np pentamers rather than to decamers. When H3-H4
tetramers are added to Np/H2A-H2B complexes, they do not
displace histone dimers from the chaperone but instead are
bound at a higher radius. This causes an effective dimerization
of chaperone pentamers to form decamers. This process may
reflect the ability of H3-H4 tetramers to interact with a pair of
H2A-H2B dimers located on opposing chaperone pentamers in
the decameric complex. This model is supported by FRET
experiments that showed a significant increase in the signal
between labeled Np-A2 and labeled H2A-H2B dimers when
H3-H4 tetramers were added. This enhanced signal may be due
to the close proximity of additional acceptor dyes to donor dyes
in the larger complex. On the basis of our data, a similar
assembly path may occur for Npm2 complexes with core
histones (Figure 7B).

This data prompted us to model an Npm2-core decamer.
Intriguingly, we found compensatory changes in residues of the
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Figure 7. Models of histone binding by human and Xenopus
nucleoplasmin. (A) Nucleoplasmin pentamers may bind histone
dimers on their lateral surfaces. Subsequent binding of H3-H4
tetramers would form a bridge between two pentamer—histone dimer
complexes. (B) A hypothetical, stepwise assembly of an Npm2
decamer/core histone complex is shown in a side view. This occurs
when Npm?2 pentamers bind a mixture of H2A-H2B dimers (gold)
and H3-H4 tetramers (purple). The C-terminal A2-tract is required to
form a stable histone complex and is shown schematically as a red
rectangle, while the Al-loop (thick black line) is not required. For
simplicity only 1 subunit in each Npm2 pentamer is shown and
additional domains in the C-terminal tail are not shown in this figure.
(C) Np decamers create a central hub when they bind a mixture of
H2A-H2B dimers (gold) and H3-H4 tetramers to form histone
octamers on the chaperone. Both the Al-tract (in red) and A2-tracts
(red rectangle) help stabilize the complex.

AKEE and Q-loops. Thus, Lys82 in the K-loop of Np has been
replaced by GIn84 with its shorter side chain in Npm2, while
Asp58 in the AKDE loop of Np has been replaced by Glu57
with a longer side chain. The reciprocal nature of this dual
substitution would allow 10 hydrogen bonds to form in the
interface between pentamers. While the precise interface
geometry in these large histone complexes is not known, it
could be altered by histone binding. This may squeeze waters
out of the relatively open interface,”'” as observed in the
human Npm1 decamer.'® To test the role of the AKDE and
K-loops, salt bridge forming residues were mutated to residues
with smaller, uncharged side chains. Remarkably, this double
loop mutant of Np-A2 did not lose its ability to bind core
histones. Hence, cooperative binding of core histones on the
lateral surface of the decamer may drive formation of the larger
complexes in the absence of these salt bridges (Figure 7A—C,
right panel). However, a highly repulsive, double loop mutant
(AKDE to AGEE and K82E) disrupted the formation of Np
complexes with the four core histones, while complexes with
histone dimers formed normally. This lends further support to
the idea that the chaperone decamer plays an important role in
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binding the four core histones and is consistent with a model in
which H2A-H2B dimers bind to single pentamers.

The ability of chaperone pentamers and decamers to each form
central hubs for histone binding can be reconciled if H2A-H2B
dimers bind in a similar way in both complexes (Figure 7A—C,
middle and right panels). Thus, depending upon local protein
concentration and binding partners, nucleoplasmins may bind
histones as a pentamer (Figure 7A, middle panel) or a decamer
(Figure 7A, right panel). In fact, Np is one of the most abundant
proteins in oocyte nuclei where it is present at ~5 mg/mL.>%*®
Hence, the high local nuclear concentration of the chaperone
might favor decamer formation in vivo when H2A-H2B dimers
are bound, especially if the effects of molecular crowding are
factored in. At this point it is not clear whether Np may bind
histone dimers and tetramers simultaneously in vivo. Given the
high concentration of histones and chaperones in Xenopus
oocytes,*** it is possible that larger histone complexes may be
formed, which subsequently disassociate upon purification due
to dilution. Further studies are now needed on this point.

An alternative model of H2A-H2B binding has recently been
proposed that was based on a low-resolution EM map of egg
Np with bound dimers. This study showed additional density
for histone dimers on the distal surface of hyper-phosphory-
lated Np pentamers.'® However, histone—chaperone complexes
may not be particularly stable under the harsh conditions of
negative staining with uranyl acetate (high salt and low pH).
We suggest that sample preparation may have caused a local
rearrangement of basic H2A-H2B dimers onto the acidic
crown, located on the distal surface of hyperphosphorylated Np
pentamers. Moreover, data on negatively stained complexes
disagree with solution X-ray scattering'® and contradict a large
body of biochemical and FRET data (this work).”'" Further
studies are now needed to clarify this issue.

Acidic Tracts in Histone Binding. Npm2 and Np use
tracts of acidic residues in histone binding. For Npm2, the A2-
tract is sufficient to bind core histones because the Al-loop
contains only a single acidic residue (Figure 7B). Intriguingly,
Npm?2 is the only family member that does not have a canonical
Al-tract of 3—12 acidic residues.” The lack of this acidic loop
correlates with the inability of Npm2-core pentamers to bind
histones. Loop exchange experiments showed that histone
binding by Npm2-core was not rescued by replacing its Al-loop
with the much more acidic loop from Np. Hence, reverse
engineering the Npm2-core to bind histones efficiently was not
a simple task, presumably due to other changes in surface
residues of Npm2. In particular, the surface of the Npm2-core
pentamer is much more basic than its Np counterpart.

When the Al-tract of Np was replaced with the Al-loop from
human Npm2, the Np-core pentamer lost its ability to form
normal histone complexes. This observation supports the idea
that the Al-tract in Np must play an important role in binding
core histones."* Indeed, Np uses both Al- and A2-tracts for
histone binding (Figure 7C).° In general, the Al-tract is quite
flexible in Np-family members (this work).””*"'® Thus, each
pentamer in the Np-family (except Npm2) contains a flexible,
acidic crown on its distal surface composed of five Al-tracts
that can participate in histone binding. Our data further suggest
that the A2-tract of Npm?2 is sufficient to direct histone binding,
whereas the A2-tract of Np may act synergistically with the
Al-tract to form histone complexes. Mechanistically, the lack of
a functional Al-tract in Npm2 argues against the idea that core
histones bind exclusively to the distal or (top) surfaces of the
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pentamer under physiological conditions'® because there is no
acidic crown in this chaperone. A more parsimonious model is
possible for histone binding to nucleoplasmins. In this case,
histones interact mostly with the lateral surface of a pentamer
or decamer, with flexible Al-tracts in Np playing an important
role in histone binding. At the same time, additional interactions
between flexible A2-tracts and basic histones would stabilize the
complexes (Figure 7B,C).

Finally, Npm2 and Np chaperones are direct orthologs yet
they differ in one important respect. Sperm decondensation
proceeds normally in Npm2 knockout mice,> while Np
is regluired to remodel sperm chromatin in Xenopus
eggs."> 19327364 This chromatin remodeling process depends
upon the Al and A2 tracts of Np, which may remove sperm
basic proteins from highly condensed chromatin. This is
followed by a second step in which core histones are delivered
to DNA."*** Npm2 does not have a functional Al-tract which
may impede its ability to function in the first step of sperm
chromatin decondensation. This suggests that another
chaperone may assume this role in mammalian eggs. Even so,
it is possible that Npm2 may deliver histones to DNA during
sperm chromatin remodeling.
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