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ABSTRACT. The self-association properties of the yeast nucleosome assembly protein 1 (yYNAP1) have
been investigated using biochemical and biophysical methods. Protein cross-linking and calibrated gel
filtration chromatography of yNAP1 indicate the protein exists as a complex mixture of species at
physiologic ionic strength (#5150 mM). Sedimentation velocity reveals a distribution of species of 4.5

12 Svedbergs (S) over a 50-fold range of concentrations. The solution-state complexity is reduced at
higher ionic strength, allowing for examination of the fundamental oligomer. Sedimentation equilibrium

of a homogeneous 4.5 S population at 500 mM sodium chloride reveals these species to be yNAP1 dimers.
These dimers self-associate to form higher order oligomers at more moderate ionic strength. Titration of
guanidine hydrochloride converts the higher order oligomers to the homogeneous 4.5 S dimer and then
converts the 4.5 S dimers to 2.5 S monomers. Circular dichroism shows that guanidine-mediated dissociation
of higher order oligomers into yNAP1 dimers is accompanied by only slight changes in secondary structure.
Dissociation of the dimer requires a nearly complete denaturation event.

The nucleosome is a large nucleoprotein assembly con-ered an H2A-H2B histone chaperone, recent evidence
taining a minimum of 146 bp of DNA and an octamer of suggests that yYNAP1 has a higher affinity for the (H34),
histone proteins composed of a central {(H3), tetramer tetramer {2). Analysis of the stoichiometry of the complexes
flanked on either side by two H2AH2B dimers (, 2). The formed between yNAP1 and histones indicates that two
positions of these histone subcomplexes within the nucleo-yNAP1 molecules bind an H2AH2B dimer and four bind
some mandate that the tetramer be deposited on the DNAa (H3—H4), tetramer. Furthermore, multiple histone-contain-
first, followed by the two dimers3 4). Consistent with this,  ing yNAP1 bands were observed in native PAGE assays,
kinetic studies have determined that the H2A2B dimer suggesting that yNAP1 might exist in more than one
exchanges rapidly in nuclear chromatin, while the {Ht31), functional oligomeric form 12).
tetramer is very stably associated with DN8).(The ordered Little is known about the solution structure of NAP1 or
assembly of nucleosomes is mediated by a large and oftenhow it may relate to histone binding and chromatin assembly
redundant family of proteins known as histone chaperonesfunctions. yNAP1 has been reported to sediment at an unex-
or chromatin assembly factors (reviewed in réfand 7). pectedly high molecular weight in sucrose gradierit$),(
These factors are generally acidic in nature and serve toand DrosophilaNAP1 elutes from a gel filtration column
deposit the basic histone proteins onto the newly synthesizedwith an apparent molecular mass of 600 kDa However,
DNA. Members of this family include th&enopusfactor it has also been reported that yNAP1 fails to form cross-
nucleoplasmin (Np) and itBrosophilahomologue dNLP, linked oligomers in the presence of disuccinimidyl suberate,
XenopusN1/N2, and the ubiquitous NAP-type histone suggesting yNAP1 is monomeridd). It has also been
chaperones3( 8). Although no obvious sequence homology reported that the chaperones Nib  and NLP1 {6) self-
exists between the nucleoplasmin/NLP1 and NAP-type associate and that self-association is intimately linked to
chaperones, functional similarities have led them to be histone binding 17). We hypothesized that self-association
grouped together within the histone chaperone family. may be a general property of these histone-binding proteins,

The nucleosome assembly protein 1 (NAP1) has been wellthough no comprehensive study of a NAP-type chaperone
studied with regard to its nucleosome assembly actigty (  has been reported.

11) and its histone-binding abilityl@, 13). NAP1 can also In this study, protein cross-linking, gel filtration chroma-
remove an H2A-H2B dimer from a nucleosomal arraj/4). tography (GFC), analytical ultracentrifugation (AUC), and
Saccharomyces cerisiae NAP1 (yNAP1} is a 48 kDa circular dichroism (CD) spectroscopy are used to examine
protein that is highly acidic with a calculated pl of 4.23 due the self-association properties of yNAP1 in solution. We
to 24% aspartic and glutamic acid content. Though consid- show that yNAP1 is a stable dimer and that this dimer self-
associates in a complex, concentration- and salt-dependent
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' Abbreviations: AUC, analytical ultracentrifugation; CD, circular by a significant loss of secondary structure that results in a
dichroism; DiMes, dimethyl suberimidate; GFC, gel filtration chroma-  ganatred monomer. The implications of yNAP1 oligomer-
tography; MALDI-TOF, matrix-assisted laser desorption ionization .~ .~ . ;i L
time-of-flight; rms, root mean square; SE, sedimentation equilibrium; iZation in terms of histone binding and nucleosome assembly
SV, sedimentation velocity; yNAP1, yeast nucleosome assembly protein 1.are discussed.
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Oligomerization of yYNAP1 Dimers
EXPERIMENTAL PROCEDURES

Reagents and Bufferall buffers and solutions were made

with reagent grade chemicals and distilled, deionized water.

Analytical ultracentrifugation (AUC) buffers contained 20
mM sodium phosphate, pH 7.6, 1 mM dithiothreitol (DTT),
and the indicated amount of sodium chloride (NaCl).
Chromatography buffers contained 20 mM FI4ClI, pH
7.6 (4°C), NaCl at the indicated concentration, 10% glycerol,
1 mM DTT, and 0.1 mM PMSF, except for gel filtration

experiments, where PMSF was omitted. Solutions were

sterile filtered prior to use.
Protein Purification and HandlingThe N-terminally T-7-
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Weischet as implemented in Ultrascan version 22).(All
sedimentation coefficients are reported in units of Svedbergs
(S), where 1 S= 1 x 103, and corrected to that of water
at 20°C (20,W). Modeling of hydrodynamic parameters was
performed within Ultrascan.

Equilibrium experiments were performed with a six-sector,
charcoal-filled Epon centerpiece using at least three different
speeds (14K, 16K, and 18K rpm for the high salt and
guanidine conditions,#18K rpm for the lower salt condi-
tions). Samples of 10@L and 110uL reference (buffer)
volumes were used. To account for different loading
concentrations while staying within the dynamic range of
the detector, absorbance data were collected at 228, 280, and

epitope-tagged yeast NAP1 (49 142 Da) was expressed inpgg nm. Data were acquired in 0.001 cm increments, and

Escherichia colistrain BL21 (DE3) and purified essentially
as describedl() with minor modifications 12). yNAP1 is
>95% pure as judged by SBFAGE. yNAP1 concentra-

20—30 measurements were averaged at each radial position.
Comparisons of successive scans taket8 4 apart con-
firmed that the samples had reached equilibrium. Equilibrium

tions were determined by absorbance using a calculated molagata were edited and analyzed using self-association models

extinction coefficient of 36100 M cm™t at 276 nm 19).
Gel ElectrophoresisProteins were dialyzed into 20 mM
Tris, pH 7.6 (4°C), 100 mM NaCl, 1 mM EDTA prior to

within Origin version 4.1 (Microcal and Beckman) to
determine the best fit as evaluated by the distribution of
residuals. Global fitting of sedimentation equilibrium data

electrophoresis. Native polyacrylamide gel electrophoresis sets was performed within Ultrascan. The partial specific

was carried out as described previousl)(

Chemical Cross-LinkingSelf-association of yNAP1 was
characterized directly by chemical cross-linking using di-
methyl suberimidate2(Q, 21) at a final concentration of 1.0
mg/mL. Prior to cross-linking, yNAP1 was dialyzed exten-
sively against 0.1 M sodium borate, pH 9.0, to remove the
inhibitory, amine-rich Tris buffer from the reaction. Protein
was incubated at 0.25 mg/mL (8MJ) for the indicated times
at 20—-22 °C, and aliquots were quenched by the addition
of glycine (50 mM final). Samples were dialyzed extensively
against 20 mM Tris (pH 7.6, 4C), 100 mM NaCl, 1 mM
EDTA, and 1 mM DTT, and concentrated in Microcon C-30

volume @, 0.7174 at 5C) was calculated from the primary
amino acid sequence3d), and solvent densitiesp) were
calculated within the Ultrascan software. The apparent
isopotential partial specific volume#), which compensates
for preferential binding of the denaturant to the protein, was
calculated for solutions containing guanidid), However,
the value for tle 1 M guanidine hydrochloride (GuHCI)
solution did not differ significantly fronmv (0.76 vs 0.73 at
22 °C, respectively), and thus had negligible affects on the
resulting S(20,W) and mass values.

Solubility/stability assays were performed by incubating
100uL of 18 uM yNAP1 (A6 of 0.66) at 25 combinations

microconcentrators (Amicon). Proteins were separated byof pH values (5.6, 6.6, 7.6, 8.6, and 9.6) and NaCl
native PAGE as described above. Native and cross-linkedconcentrations (75, 100, 125, 150, and 175 mM). Samples

yNAP1 was subject to MALDI-TOF spectrometry with a

were incubated for 96 h at & to simulate the length and

Voyager DE-Pro mass spectrometer (Perseptive Biosystems}emperature of a typical sedimentation equilibrium experi-

in linear mode.

Gel Filtration StudiesGel filtration chromatography was
performed on an AKTA FPLC using a Superdex S-200 16/
60 (120 mL) column (Amersham Biosciences). Following
equilibration in either 100 or 500 mM NaCl chromatography
buffer, 106-500 uL samples were applied and run at 0.5
mL/min and 5°C. The retention volumes were calibrated
using the gel filtration calibration standard set (Amersham
Biosciences)K,, for the standards and yNAP1 were deter-

ment. Samples were then spun at 13K rpm in a refrigerated
microcentrifuge, and théy7s of the supernatant was mea-
sured. Results were recorded as the fraction remaining in
solution versus conditions to determine the relative solubility.
Circular Dichroism. CD spectra were collected with a
Jasco 720 spectropolarimeter atG. A total of 20 spectra
were obtained and averaged. Samples were dialyzed in 20
mM NaH,PQ,, pH 7.6, 75 mM NaCl. Measurement of native
yNAP1 extended from 260 to 190 nm. Measurements with

mined as described in the calibration kit and plotted versus increasing GuHCI were limited to 260 to 26205 nm due

molecular weight on a logarithmic scale. The resulting
equation for the best-fit line was used to determine the
apparent molecular weight on the basis ofkgefor yNAPL.
The Stokes radius of yYNAP1 was determined by plotting a
standard curve of th&,, for the calibration standard set
versus the known Stokes radii.

Analytical Ultracentrifugation StudieAUC experiments
were performed with a Beckman XL-I analytical ultracen-

to high absorbance in the far UV. The molar ellipticitp]

was obtained by normalization of the measured ellipticity
(®, mdeg), using®] = (© x 100)/(lc), wheren is the
number of residues (430),is the total concentration (mM),
and| is the cell path length (cm)28). The percentage of
secondary structure types was determined by an average of
the three different analyses contained within the CDPro
analytical softwared6). Analysis of the changes m-helical

trifuge using absorbance optics. Velocity measurementscontent upon addition of denaturant was calculated as
utilized a two-sector, charcoal-filled Epon centerpiece, quartz described previously2().

windows, and 40@L sample and 42@L reference (buffer)
volumes. All samples were centrifuged in a Beckman An60Ti
4-hole rotor at 5C. Velocity data were edited and analyzed
using the boundary analysis method of van Holde and

RESULTS

yNAP1 Exhibits a Complex Self-Association Beba We
have previously noted the presence of two yNAP1 species
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Ficure 1: Protein cross-linking shows the presence of multiple
yNAP1 species. (A) Native PAGE: lane 1, 248 of yNAP1 in
cross-link buffer; lanes 24, 15ug of yNAP1 cross-linked with
dimethyl suberimidate (DiMeS; 1 mg/mL) for 15, 60, and 120 min
(asterisk indicates cross-linked species). (B) Gel filtration profiles
of yNAP1: upper traces, equivalent amounts of yNAP1 were

20 30 80

injected in either 100 or 500 mM NaCl and data were recorded at

280 nm; lower trace, 0.1 mL of the peak fraction from separation
in 500 mM NaCl (above) was re-injected in 500 mM NaCl. The
elution volume is shown (bottom), as is the elution position of the

calibration standards (top). Note the different absorbance scales for

the upper and lower panels.

upon native gel electrophoresis at 100 mM NaC2)( It

McBryant and Peersen

of yNAP1 in solution, we analyzed yNAP1 using calibrated
GFC at 100 mM NaCl (Figure 1B). The apparent molecular
mass values returned by this analysis were 500 kDa to 1
MDa, much larger than the species detectable by mass
spectrometry. Interestingly, gel filtration at higher ionic
strength (500 mM NacCl) yielded a discrete peak at lower
apparent molecular weight (My), and re-injection of a
portion of this peak showed an identical elution time (Figure
1B). However, the MW, (~300 kDa) and Stokes radius
(56 A) for this peak were much larger than those observed
by native PAGE and cross-linking analyses. This showed
that larger species present at 100 mM NaCl could be
disrupted by 500 mM NaCl and that the resulting M\is

not dependent on protein concentration.

The complexity of yNAP1 self-association and the anoma-
lous results obtained by cross-linking followed by mass
spectrometry and by GFC led us to utilize analytical
ultracentrifugation to rigorously determine the oligomeriza-
tion state of yNAP1 in solution. Sedimentation velocity (SV)
experiments of yNAP1 were analyzed by the boundary
analysis method of van Holde and Weisch2®)( At 150
mM NaCl, the integral distribution of sedimentation coef-
ficients,G(s), indicated a heterogeneous population of species
with sedimentation coefficients from5 to ~7 S (Figure

appeared that the slower migrating of these species was2A). The G(s) plot was consistent with an association/
capable of binding histones, as its mobility was decreaseddissociation reaction of moderate affinity occurring on the
in the presence of the H2AH2B dimer. To qualitatively time scale of the experimer2?). In contrast, sedimentation
assess the oligomeric state of yYNAP1 in solution, we carried in 500 mM NacCl revealed a single, homogeneous species
out chemical cross-linking using dimethyl suberimidate in of approximately 4.5 S, consistent with the salt-dependent
100 mM sodium borate and analyzed the products by PAGE. dissociation of yYNAP1 aggregates seen in GFC experiments
Native gel electrophoresis revealed multiple, distinct speciesat this higher ionic strength (Figure 1B). This conversion
consistent with self-association (Figure 1A). SEFFAGE appears to be rapid, as a sample equilibrated at the lower
revealed a broad, diffuse band centered at 150 kDa (datasalt is converted to the homogeneous 4.5 S species by the
not shown). The diffuse nature of the band is indicative of addition of NaCl to 500 mM immediately prior to sedimen-
the heterogeneity with which cross-linking reagents ligate tation (Figure 2A).
their substrates. While the apparent molecular weight would  To more precisely determine the effects of salt concentra-
suggest the species to be trimeric, the identity remained intion on oligomerization, we carried out SV experiments on
doubt because yNAP1 migrates significantly slowe6b yNAP1 at salt concentrations ranging from 10 to 500 mM
kDa) on SDS-PAGE than expected for a 49 kDa protein, NaCl and generated@(s) plot for each salt condition (Figure
an effect that is likely due to decreased binding of SDS to 2B). The effects due to salt titration are best visualized by
the highly acidic proteinZ8). Additionally, the neutralization  plotting the averages values for the upper 10% of each
of lysine side chains involved in the cross-linking may affect boundary analysis versus NaCl concentration (Figure 2C).
the migration rate on a gel. Therefore, from these data we This shows that, above-300 mM NaCl, yNAP1 is a
were able to conclude that yNAP1 forms oligomers in homogeneous population of 4.5 S. However, when the salt
solution, though an unambiguous identification of the various concentration is decreased to a more physiologic levet (50
oligomeric species could not be determined. 150 mM NacCl), the protein self-associates into much larger
To determine the molecular masses of the cross-linked oligomers, extending te-12 S. Interestingly, much of this
species, we subjected cross-linked yNAP1 to MALDI-TOF self-association is lost as the salt concentration is decreased
spectrometry. The mass spectrum showed defined peaks ofurther (16-25 mM NacCl). The self-association of yNAP1
masses consistent with yYNAP1 monomers and dimers (51also exhibits strong protein concentration dependence at 75
and 102 kDa), while no evidence for larger species was seenmM NaCl (0.5-25 uM, Figure 2D). Again, high salt
(data not shown). The peak of monomeric mass is likely the concentration (500 mM) eliminated self-association and
result of noncovalently cross-linked dimers dissociating under yielded essentially overlapping4.5 S sedimentation values
the mass spectrometry conditions. The inability of MALDI- at these same protein concentrations (Figure 2E). Under both
TOF to detect the larger oligomers suggested by native salt conditions a small fraction of a more slowly sedimenting
PAGE data (Figure 1A) is likely a consequence of the loss material (<4.5 S) was seen at the lowest protein concentra-
of sensitivity at masses greater than 100 kDa. Taken togetherfion and may be indicative of minor dissociation of the 4.5
these data suggest that yNAP1 can form dimers and largerS species.
oligomers in solution, though the number and composition yNAP1 Dimers Self-Associate into Larger Oligomé&e
of the oligomers could not be determined. used sedimentation equilibrium to rigorously determine the
The Heterogeneity of yNAP1 Can Be Restricted by molecular weight of the homogeneous 4.5 S species and to
Increasing lonic StrengthlTo examine the oligomerization examine the self-association of yNAP1 at moderate ionic
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Ficure 2: (A—C) G(s) plots of sedimentation velocity data show changes in the oligomerization state of yYNAP1 due to changes in ionic
strength. (A)G(s) plots of 11uM yNAP1lat 150 mM NaCl[@) and 500 mM NaCl®) and a solution dialyzed to 150 mM and then brought
to 500 mM immediately prior to sedimentation)( (B) G(s) plot of 11 uM yNAP1 at a range of NaCl concentrations (indicated in the
legend, mM). (C) Average S(20,w) obtained from the upper 10% of the boundaries in (B), representing the fastest sedimenting species, as
a function of NaCl concentration. (D, E)(s) plots of sedimentation velocity data show a loss of higher order oligomers at 500 mM NacCl.
G(s) plots of yNAP1 at 0.5uM (O), 2 uM (O), 5uM (£),10uM (x), and 25uM (+) in 75 mM NaCl (D) or 500 mM NaCl (E).

strength. The mass of yNAP1 derived from sedimentation the protein concentration or rotor speed. In contrast, yYNAP1
equilibrium at 500 mM NacCl fluctuated near the calculated in 75 mM NaCl showed a clear increase in mass as the
value of the yNAP1 dimer (98 kDa) (Table 1), regardless of protein concentration was increased. This is consistent with
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Ficure 3: (A) Sedimentation equilibrium of yNAP1 (138M) at high ionic strength (500 mM NacCl) and 16K rpm. The data are well
described by an ideal, single species with the mass of a yNAP1 dimer (93 kDa observed vs 98.3 kDa calculated). Note the similarity of the
residuals resulting from the two models [fixed molecular weight dimer (rms deviation 0.0067, upper panel), and fitting the molecular
weight to the data (rms deviation 0.0066, lower panel)]. (B) Sedimentation equilibrium of yNAPN.4t 150 mM NaCl and 12K rpm.

The mass returned from this analysis (209 kDa) indicates the presence of higher order yNAP1 oligomers. The systematic deviations in the
residuals indicate that the tetramdrexamer model (46) does not accurately describe the system.

Table 1: Weight Average Mass by Sedimentation under these conditions is shown in Figure 3B. The mass
conen [NaCl _ molecular concn [NaCll _molecular returned by analysis of this grad|ent (209 kDa) suggests .the
M) (mM) mass (kDa) M) (mM) mass (kDa) presence of larger yNAP1 oligomers (tetramgrs and possmly

05 500 82t 28 05 s 115 o Igrger speqes). I—'Ioweve'r,' even unde'r these |mproved' condi-
14 500 94t 6 14 75 141L 29 tions, sedimentation equilibrium gradients revealed evidence
5.5 500 106+ 1 55 75 204+ 46 of pelleting of a small fraction of the sample even at the
14 500 92+ 2 14 75 248+ 24 low speeds (#12K rpm) appropriate for resolving poten-
25 75 263+ 16 tially large aggregates. This loss of material, though only a
138 ;g gg% 4213 small fraction of the sample, prohibited rigorous fitting of

The weiht average molecular masses exoressed are the avera the low salt data to self-association models. Nonetheless, we
of the valueg determiged for each speed (14, 26, and 18K rpm) Withgsvere able. to observe a correlation between the. loading
the indicated standard deviation. concentration and the average mass of the species (Table
1). Fitting of the data to a single, ideal species model results
a self-association equilibrium obeying the laws of mass in weight average mass values that appear to plateau at 250
action, where higher protein concentration drives the forma- 300 kDa as concentrations approach&b However, fitting
tion of larger oligomers at the expense of smaller species.of the data to a self-association scheme culminating in

Sedimentation equilibrium data of yNAP1 in 500 mM pentamers or hexamers did not produce statistically reliable
NaCl were best fit to a single ideal component having a massresults, as indicated by large and systematic deviations in
of 93 kDa (Figure 3). This mass is within 5% of the expected the residuals. Thus, under moderate salt concentrations,
mass of the yNAP1 dimer (98 kDa) and is consistent with YNAP1 self-associates and appears to form large aggregates
SV experiments indicating that the sample is homogeneousthat pellet during the experiment, precluding a rigorous
at 500 mM NaCl (Figure 2E). The slight systematic deviation €valuation of the self-association scheme.
in the residuals suggests a monomeimer equilibrium, but The Extent of yYNAP1 Self-Association Can Be Controlled
we were unable to reliably obtain an association constantby Moderate Leels of Chaotrope.Even at the lowest
because the monomeric species was so underrepresented iconcentration of yNAP1 used in the ultracentrifugation
the population. Thus, under high salt conditions, yNAP1 is experiments (0.%M), no significant species smaller than
best described as a nearly pure solution of yYNAP1 dimers.the 4.5 S dimer are seen. To dissociate the 4.5 S/98 kDa

At 75 mM NaCl, sedimentation equilibrium showed a yNAP1 dimer, samples of identical protein concentration and
decrease in sample absorbance as a function of increasingncreasing concentrations of GuHCI| were subjected to
rotor speed, indicating a loss of sample due to pelleting (datasedimentation velocity (Figure 4). van Hold@/eischet
not shown). This effect is more pronounced at higher speedsanalysis of yYNAP1 in 75 mM NaCl ahl M GuHCI led to
because the protein concentration at the bottom of the cella G(s) plot nearly identical to that of the monodisperse 4.5
increases with the higher centrifugal force, driving the S species seenin 500 mM NaCl in the absence of chaotrope
equilibrium toward the larger species. A systematic evalu- (compare with Figure 2A,E). Thus, either high salt or 1 M
ation of the solubility of yNAP1 was performed (see GuHCI can abrogate the yNAP1 heterogeneity resulting from
Experimental Procedures) and showed that the solubility of higher order oligomerization. At a slightly higher concentra-
the protein was improved at increased ionic strength {150 tion of denaturant, 1.8 M GuHCI, the monodisperse 4.5 S
175 mM NaCl) and higher pH (8.6) (data not shown). An species was converted to a monodisperse 2.4 S species.
example of a sedimentation equilibrium gradient obtained Determination of the absolute molecular mass of the 2.4 S
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100 Formation of yNAP1 Monomers Is Accompanied by Loss
- ) of Secondary StructurdVe used circular dichroism spec-
) 80 5‘ 3 troscopy to determine the structural changes associated with
5 E g? ;.' the loss of higher order oligomers and the subsequent appear-
5 60 , i £ ance of the monomer upon addition of GuUHCI. CD spectros-
E % § 4" copy is highly sensitive to changes in the secondary structure
> ; of polypeptides30). The spectrum obtained in 75 mM NacCl
8 40 ;Q R (in the absence of chaotrope) was deconvoluted to determine
£ é g 3 the proportions of secondary structure compone2is [ his
8 20 gg i ,.-" analysis revealed that yNAP1 is34% a-helical, ~33%
* p-sheet and turn, and33% unstructured. The intensities of
0 peaks within the spectra of yNAP1 undergo only subtle
0 2 4 6 8 10 changes at concentrations of GUHCI less than 1.5 M (Figure
S(20,w) 5A). However, the CD spectrum of yNAP1 in 1.8 M GuHCI
FiGURe 4: G(s) plots of sedimentation velocity data show sequential 1S indicative of a highly unstructured polypeptide, and higher
dissociation of yNAP1 oligomers in the presence of GUHELk) amounts of GUHCI (4 M) lead to a spectrum consistent with
distributions of 5uM yNAP1 equilibrated at 0.0 M@), 1.0 M a completely denatured polypeptide. The strong absorbance
(@), 1.8 M ©), and 2.0 M @) GuHClI. of GUHCI at wavelengths less than 200 nm precluded a

rigorous, quantitative analysis of secondary structure in the

Table 2: Sedimentation Equilibrium Analysis of yNAP1 in GuHCI presence of _ChaOtrOpe' However' th(? ellipticity at 222. nm
correlates with the proportion ai-helix, and changes in

;er'?;;e ;“V‘;'E’a*;‘e [©]222can be expressed as a loss or gain-helical content
GuHCI molecular GuHClI molecular (31). This type of analysis for yNAP1 in the absence of
concn (M)  mass$ (kDa) concn (M)  mas$ (kDa) denaturant yielded am-helical content 0f~31%, similar to
0.0 226+ 22 15 69+ 7 that obtained by the more rigorous analysis. Analysis of the
1.0 89+7 18 48+ 3 intensity at 222 nm for increasing amounts of GuHCI is

aThe weight average molecular masses are the average of the valueshown in Figure 5B. The first step, between 0.0 and 1.5 M
determined for each speed (14, 16, and 18K rpm) with the indicated GuHCI, corresponds to a loss e#0% of the helical content
standard deviation. of yNAP1 (from 31% to 18%). A much more striking loss

of negative ellipticity is seen as GuHClI is further increased
species was accomplished by performing sedimentationto 1.8 M. The slight (0.3 M) increase in chaotrope yields a
equilibrium in the presence of chaotrope. This revealed a net loss ina-helical content of 90% (te-3%) relative to
mass that is nearly identical to the calculated monomer massthe native protein. The changes in the CD spectra correlate
(48 vs 49 kDa, Table 2). Taken together with the SV analysis well with the changes in the sedimentation coefficient and

(Figure 4), these data show that the presence b8 M mass observed as a function of GUHCI concentration (Figure
GuHCI dissociates the 4.5 S yNAP1 dimers into 2.4 S 4, Table 2), and indicate that dissociation of the yNAP1
monomers. dimer is linked to the formation of an unstructured monomer.
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basis (for clarity, not all spectra are shown). (B) Changes in the CD signal at 222 nm as a function of GUHCI concentration from data

collected in (A). Pl222nmis normalized on a per-residue basis, and a smooth curve fit of the data is shown.
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DISCUSSION associative reactior3d). The sample loss we observed in
i . i sedimentation equilibrium experiments is likely the result

We h'ave defined the sglf—a§SOC|§ltlon behallVlor Of 2 of pelleting of oligomers larger than the observed apparent
chromatin assembly factor which is an important biochemical ,5vimal hexameric stoichiometry~@00 kDa) (Table 1).
tool used in the study of chromatin organization and g gnnarent three-state denaturation of yNAPL by GUHCI
dynamics. The results of our biochemical and biophysical i ation likely involves two separate molecular events. The
studies demonstrate that the fundamental oligomerization . g 4 oss of intermolecular contacts between higher order
state of yNAP1 is a stable dimer and that this dimer self- yNAP1 oligomers that occurs at1.0 M GUHCI and yields
associates under physiological salt concentrations. Oury monodisperse population of dimers. This requires only a
observations further support the idea that self-gssociation ISminimal change in secondary structure. Thus, the loss of
a general property of histone chaperone proteins. higher order oligomers requires sufficient ionic strength (or
_ Gel filtration data indicate that the 98 kDa yNAP1 dimers desolvation) provided by the salt (or chaotrope) to abrogate
in 500 mM NaCl elute at an anomalously high apparent the intermolecular electrostatic attractions between dimers.
molecular mass 0f+300 kDa and with a Stokes radius of At >1.8 M GuHCI, a homogeneous population of 2.4 S
56 A, significantly larger than the-30 A radius expected  species is observed, and this conversion is concomitant with
for a spherical protein. Similarly, modeling of the shape of 3 |arge change in the CD spectrum showing that nearly
yNAP1 based on its sedimentation rate showed that the 4.5complete denaturation of yNAP1 accompanies the dissocia-
S dimer could be modeled as an ellipsoid with an axial ratio tijgn of the 4.5 S dimer. These higher denaturant amounts
of approximately 1.8. A previous study utilizing limited jikely preclude formation of the secondary structure required
proteolysis and CD spectroscopy revealed that yNAP1 hasfor yNAP1 dimerization. The CD spectra show a clear loss
a protease-sensitive N-terminus, a well-structured centralgf the 208 and 222 nm minima during denaturation,
region (aa 74-365), and a C-terminal (aa 36817) histone-  gyggesting that an-helical structure may be involved in
binding domain that is largely devoid of secondary structure the dimerization interface. A survey of the secondary
(12). The overall elongated or extended shape of yNAPL strycture content of 28 homodimeric proteins revealed that
suggested by its hydrodynamic properties could result from gyer half (53%) of the interface residues were classified as
such a modular structure combined with the preponderancey-nelix (32).
of unstructured amino acids-g3%). Histone fold domains generally show little similarity with

Oligomerization of the 4.5 S dimer can be abrogated by regard to their amino acid sequence, although their overall
the presence of high ionic strength, resulting in a relatively amino acid content35) and secondary structur@@) are
homogeneous distribution of species regardless of proteinextremely well conserved. Each pair of histone molecules
concentration. Further, sedimentation equilibrium of yYNAP1 associate through antiparallel contacts between the longest
in high salt over a 50-fold range in protein concentration helices (2) of the canonical histone fold motif3). In
led to weight average molecular masses of-826 kDa  solution, two H3-H4 dimers are linked through the forma-
(mean 93.4), within experimental error for a 98 kDa yNAP1 tion of a four-helix bundle between the second of two helix
dimer. Interestingly, the loss of heterogeneity seen at high strand-helix motifs in H3 @, 36). As a result, the tertiary
salt =300 mM) is also seen, to a lesser extent, at very low structures of the H2AH2B dimer and half of the (H3
salt (=10 mM) (see Figure 2B,C). Itis likely that high ionic  H4), tetramer are essentially superimposatile4( 35). In
strength disrupts intermolecular hydrogen bonds and salteach of these complexes, two essentially identical surfaces
bridges, while low ionic strength leads to charge repulsion are solvent exposed per pair of histone folds. The stoichi-
between the highly negatively charged yNAP1 dimers. Both ometries of yNAP+histone complexes have been demon-
these phenomena lead to a loss of higher order oligomer-strated to be two yNAP1 molecules per histone dimer and
ization. Consistent with these hypotheses, permanent protein four per histone tetramed (, 12, 13). Our data show that
protein interfaces such as those found in homodimers arethe fundamental oligomerization state of yNAP1 is a dimer,
generally rich in hydrophobic side chair32(, and contain  suggesting that each yNAP1 dimer binds one histone dimer
few, if any, salt bridges33). These interfaces are thus less and that two yNAP1 dimers bind the (H314), tetramer.
sensitive to disruption by increased ionic strength. However, The specific geometry of the yNAP1 dimer and its
the side chains found at the proteiprotein interface of complexes with histone dimers is not yet known. We
“nonobligate” (higher order) complexes are more likely polar envision two possible models for how yNAP1 binds histone
in nature, and are thus more easily disrupted by ionic strengthdimers. In our first model, the yNAP1 dimer straddles the
(33). It is reasonable to conclude, therefore, that formation edge of the roughly planar histone dimer such that the two
of higher order oligomers due to electrostatic interactions yNAP1 monomers interact with opposite faces of the histone
would be readily abrogated by high salt. This appears to be dimer in a clamping fashion. In this complex, both surfaces
the case for yNAP1. of the histone dimer may be effectively shielded from

The determination of the hetero- or homogeneity of the interactions with other proteins. In the second model, the
samples using sedimentation velocity experiments allowed yNAP1 dimer interacts with just one face of the histone dimer
for informed application of sedimentation equilibrium- and the other face remains solvent exposed and can interact
derived self-association models. Self-association of yNAP1 with other proteins. In either model, the central structured
is best described as a rapid, concentration-dependent asportion of yNAP1 (residues 74365 (12)) likely forms the
sembly of stable dimers into larger oligomers. We stipulate, core of the yNAP1 dimer interaction. The antiparallel
however, that thermodynamic nonideality due to the high symmetry of the histone dimers may argue that this orienta-
yNAP1 concentration (25100 uM) could have led to an  tion is also the logical arrangement for the yNAP1 dimer,
underestimation of the mass of the largest species in thisbut the orientation is not yet known.



Oligomerization of yYNAP1 Dimers

Last, we can only speculate about the role of higher order 14.
yNAP1 oligomers in histone binding and nucleosome as-
sembly. Though no quantitative measurements of yNAP1
concentrations in vivo have been reported, it is possible that 15.
local concentrations within the nucleus allow for some degree
of self-association. Perhaps the aggregates we observe at
physiologic salt concentrations represent a storage form of 1.
unliganded yNAP1. Further, binding to the highly charged
and basic histones may abolish the higher order oligomer-
ization of yNAP1 dimers and result in the formation of -
discrete yNAP1 dimerhistone dimer complexes in solution,
analogous to the deaggregation we observe at high salt
concentrations. Elucidation of these details will require
further study of yNAP*-histone complexes and their stoi-

chiometries and oligomerization potential.
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