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ABSTRACT 32 

Somatic hypermutation (SHM) of immunoglobulin (Ig) genes is initiated by the 33 

activation-induced cytidine deaminase (AID). However, the influence of 34 

chromatin on SHM remains enigmatic. Our previous cell-free studies indicate that 35 

AID cannot access nucleosomal DNA in the absence of transcription. We have 36 

now investigated the influence of nucleosome stability on mutability in vivo. We 37 

introduced two copies of a high affinity nucleosome positioning sequences (MP2) 38 

into a variable Ig gene region to assess its impact on SHM in vivo. The MP2 39 

sequence significantly reduces the mutation frequency throughout the 40 

nucleosome and especially near its center, despite similar proportions of AID 41 

hotspots as in Ig genes. A weak positioning sequence (M5) was designed based 42 

on rules deduced from published whole genome analyses. Replacement of MP2 43 

with M5 resulted in much higher mutations throughout the nucleosome. This 44 

indicates that both nucleosome stability and positioning significantly influence the 45 

SHM pattern. We postulate that, unlike RNA polymerase, AID has reduced 46 

access to stable nucleosomes. This study outlines the limits of nucleosome 47 

positioning for SHM of Ig genes and suggests that stable nucleosomes may need 48 

to be disassembled for access of AID. Possibly the variable regions of Ig genes 49 

have evolved for low nucleosome stability to enhance access to AID, DNA repair 50 

factors and error-prone polymerases and hence, maximize variability.51 
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INTRODUCTION 52 

The somatic hypermutation of antibody genes is initiated by the activation-53 

induced cytidine deaminase (AID) that creates cytosine (C) to uracil (U) 54 

mutations, starting after ~100-200 bp from the promoter and extending for about 55 

2 kb. During SHM these ‘U’s are repaired in error-prone fashion via translesion 56 

DNA polymerases leading to mutations at and near the ‘U’, reviewed in (38). 57 

Absence of AID, results in a variety of immunodeficiencies (6), but on the other 58 

hand, AID is a dangerous oncogenic mutator, reviewed in (24). Additionally, DNA 59 

demethylation via AID may be essential for normal early development and 60 

perhaps some aspects of DNA methylation in general (9, 12, 21, 30, 31). Thus, 61 

the study of the molecular mechanisms of AID action is essential for 62 

understanding the roles of AID in immunity and oncogenesis, as well as 63 

development. The process of SHM requires transcription without requiring a 64 

specific promoter (3, 4) but is linked to transcription initiation (25).  We have 65 

postulated that AID is crucially associated with the transcription complex and 66 

may target negative supercoils, as they arise in the wake of the transcription 67 

complex during transcript elongation (34). Transcription occurs in the context of 68 

chromatin, which sterically occludes DNA binding complexes (15, 18, 28, 29). To 69 

begin to understand the role of chromatin in SHM we previously investigated the 70 

effect of a strong nucleosome positioning sequence (MP2) on the function of AID 71 

in a cell-free system (33). Nucleosomes positioned within a circular plasmid that 72 

was susceptible to AID-induced cytosine deamination when the DNA was naked, 73 

inhibited AID access specifically to the sequences associated with histone 74 
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octamers.  However, when the nucleosomal region was transcribed by the phage 75 

RNA polymerase T7, it underwent efficient cytosine deaminations suggesting that 76 

AID, unlike RNA polymerase, cannot access tightly wrapped DNA.  Since 77 

transcription in these cell-free assays was by the small T7 polymerase it was 78 

possible that the eukaryotic polymerase pol II was less able to unwrap tight 79 

nucleosomes sufficiently.  Indeed, the effect of tightly positioned nucleosomes 80 

and chromatin on the targeting of AID in vivo remained unknown.  We report here 81 

a study in which the same MP2 sequence was introduced into the variable (V) 82 

region of an immunoglobulin (Ig) gene by homologous integration in cells that 83 

normally undergo SHM in culture.  Surprisingly, the presence of the MP2 84 

sequence affected the efficiency of SHM in vivo.  85 

 86 

MATERIALS AND METHODS 87 

Cell culture and transgenic clones  88 

DT40 ψV knock-out cells derived from avian leukosis virus–induced chicken 89 

bursal B cells were a gift of H. Arakawa and J.M. Buerstedde (Institute of 90 

Molecular Radiology, Neuherberg, Germany)  (2). The cells were cultured in 91 

RPMI 1640 with 1% penicillin/streptomycin, 1% l-glutamine (Invitrogen), 1% 92 

chicken serum, and β-mercaptoethanol (Sigma-Aldrich) at 39.5°C with 5% CO2. 93 

MP2-MP2 (M5-MP2, MP2-M5 and M5-M5) knock-in constructs were linearized 94 

with SalI and transfected as previously described (2). After 12 h, transfected cells 95 

were treated with 20 μg/ml Blasticidin for selection of blasticidin resistance and 96 

single clones were isolated by subsequent limiting dilutions. Single clones from 97 
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limiting dilutions were expanded to perform FACS analysis for surface-IgM 98 

negative clones and subsequently collect their genomic DNA for Southern 99 

blotting. Genomic DNA was digested with SbfI and MluI, respectively and a 100 

radioactive probe for the MP2 region was used for Southern blot analysis. 101 

 102 

Flow-cytometric analysis and cell sorting  103 

DT40 knock-in clones for MP2 / M5 sequence were stained with PE-conjugated 104 

anti–chicken IgM antibody (Santa Cruz Biotechnology, Inc.) and were analyzed 105 

for loss of surface-IgM and presence of AID-IRES-GFP expression of 50,000 live 106 

cells on an LSR II (BD) using DT40 CL18 cells and GFP+ ψV KO (a gift of H. 107 

Arakawa and J.M. Buerstedde (2)) as gating controls. DT40 knock-in clones 108 

treated with tamoxifen were sorted for AID-IRES-GFP+ single cells on a cell 109 

sorter (FACSAria; BD) at the University of Chicago Flow Cytometry Facility.  110 

 111 

Q-PCR analysis  112 

Real-time PCRs were run and analyzed on a MYiQ system with SYBR Green 113 

SuperMix (both from Bio-Rad Laboratories). Primers used were pk58 and pk59 114 

(Table S1) for the MP2 region, and pk61 and pk62 (Table S1) for the spacer 115 

between the MP2 regions. For the analysis of the M5 mono-nucleosomes, the 116 

primers used were pk71 and pk72 (Table S1) for the M5 region and pk156 and 117 

pk157 (Table S1) for the spacer between the M5 regions. PCR conditions were 118 

95°C for 30 s, 64°C for 45 s, and 72°C for 60 s for 40 cycles. The values are 119 
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normalized for the copy number and primer efficiencies using the Pfaffl method 120 

(26). 121 

 122 

RT-PCR analysis of transcripts in MP2/M5 knock-in clones 123 

Total RNA was made from DT40 cells with RNA STAT-60 (Tel-Test Inc.), 124 

recovered in 50 µl, and stored at −80°C. Equal amounts of RNA were used for 125 

making cDNA by the SuperScript III First-Strand Synthesis System for RT-PCR 126 

(Invitrogen). Real-time PCRs were run and analyzed on a MYiQ system with 127 

SYBR Green SuperMix (both from Bio-Rad Laboratories). Primers used were 128 

pk142, pk24 (Table S1) for the IgL V region, and gg-actin1, gg-actin2 (Table S1) 129 

for the chicken actin region. PCR conditions were 95°C for 30 s, 64°C for 45 s, 130 

and 72°C for 60 s for 40 cycles. The data from chicken actin were used as a 131 

reference for the relative quantification of IgL V region levels using the Pfaffl 132 

method (26). 133 

 134 

Identification of somatic mutations  135 

Mutations in knock-in clones were detected by PCR cloning using Pfu 136 

polymerase (Agilent Technologies), and primers PK64 and PK65 (Table S1) 137 

were used for PCR cloning with Pfu polymerase at 95°C for 30 s, 67°C for 30 s, 138 

and 72°C for 160 s for 25 cycles and cloned in a PCR cloning kit (Zero Blunt 139 

TOPO; Invitrogen). DNA sequencing was performed by the University of Chicago 140 

Cancer Research Center DNA Sequencing Facility. 141 

 142 
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DNA Synthesis 143 

The 147bp MP2, M5, or L. variegates 5S (35) nucleosome positioning sequences 144 

were cloned into pUC19 such that the nucleotide sequences flanking MP2, M5, 145 

or 5S were homologous. MP2-247, M5-247, and 5S-247 (5S ribosomal RNA 146 

sequence) were amplified by PCR to contain 50bp of DNA flanking each side of 147 

the positioning sequence, Cy5 on the 5’ end of the forward strand and Cy3 on the 148 

5’ end of the reverse strand. 5’-amine-labeled primers (Sigma) were conjugated 149 

with Cy3-NHS or Cy5-NHS (GE Healthcare) and purified by reverse phase HPLC 150 

(Vydac C18). The forward primer was mgp1 and the reverse primer was mgp2 151 

(Table S1). Amplified DNA was purified by HPCL on a Gen-Pak FAX ion 152 

exchange column (Waters). 153 

 154 

Nucleosome Preparation 155 

Nucleosomes for exonuclease III mapping were reconstituted by salt double 156 

dialysis as previously reported (19) with 1 μg of cy3/cy5 labeled MP2-247 or M5-157 

247 DNA, 3 μg of lambda DNA (Invitrogen) and 1.5 μg of purified HO (histone 158 

octamer).  The DNA and HO were mixed in 50 μl of 0.5x TE (pH 8.0) with 2 M 159 

NaCl and 1 mM BZA (benzamidine).  The sample was loaded into an engineered 160 

50 μl dialysis chamber which was placed in a large dialysis tube with 80 ml of 161 

0.5x TE (pH 8.0) with 2 M NaCl and 1 mM BZA.  The large dialysis tube was 162 

extensively dialyzed against 0.5x TE with 1 mM BZA.  The 50 μl sample was 163 

extracted from the dialysis button and purified by sucrose gradient centrifugation.  164 

 165 
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Competitive Reconstitutions 166 

Competitive reconstitutions were performed as previously described (19). 167 

Reconstitutions were prepared in 2 M NaCl, 0.5x TE, 1 mM BZA with 6ng/μl 168 

labeled MP2-247, M5-247, or 5S-247 DNA (5S ribosomal RNA sequence), 50 169 

ng/μl buffer DNA, and 10 ng/μl of HO in a volume of 50 μl. To minimize variation 170 

in DNA and HO concentrations, we first prepared a HO and buffer DNA master 171 

mix that was split and combined with each DNA stock.  Each DNA sample was 172 

then split into thirds and dialyzed separately. Each sample was dialyzed against 173 

the same reservoir containing 0.2 liters of 2 M NaCl, 0.5x TE, and 1 mM BZA. 174 

The concentration of salt in the dialysis reservoir was slowly reduced to 200 mM 175 

over 24 h; the samples were then dialyzed overnight against 0.5x TE and 1 mM 176 

BZA to reduce the final NaCl concentration to 1 mM NaCl. The reconstitution 177 

products were examined by PAGE, scanned with a Typhoon 8600 variable mode 178 

imager (GE Healthcare), and analyzed with ImageQuant (GE Healthcare). 179 

 180 

Electrophoresis Mobility Shift Assay  181 

The population of positioned and depositioned nucleosomes on the MP2 and M5 182 

sequences was resolved by 5% native acrylamide gel with 0.3x TBE at 300V for 183 

1hr and imaged by Cy5 using a Typhoon 8600 variable mode imaged (GE 184 

Healthcare).  The fraction of centrally positioned nucleosomes was calculated by 185 

measuring the image intensity within a box drawn around the positioned 186 

nucleosome band and dividing it by the intensity within a box drawn around all 187 
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nucleosome bands using Image Quant software (Invitrogen) with local median 188 

background subtraction enabled.  189 

 190 

Exonuclease III Mapping  191 

The nucleosome positions within the MP2-247 or M5-247 DNA molecules were 192 

determined with ExoIII mapping as previously reported (19). Reactions were 193 

carried out with 10nM nucleosomes in 30U/ml of ExoIII (NEB) and Buffer 1 (NEB) 194 

at 37°C. At each time point, 7ul of the reaction was quenched with a final 195 

concentration of 20mM EDTA. A final concentration of 1 mg/ml of proteinase K 196 

and 0.02% of SDS was added to each time point to remove the histone octamer 197 

from the DNA. Samples were separated by 8% denaturing PAGE in 7 M Urea 198 

and 1x TBE. The sequence markers were prepared with a SequiTherm Excel II 199 

DNA sequencing kit (Epicentre) using the Cy5 or Cy3 labeled primers, MP2-247 200 

or M5-247 DNA template and either ddATP or ddTTP. Results were imaged by a 201 

Typhoon 8600 variable mode imager (GE Healthcare), which detects cy3 and 202 

cy5 separately in the same gel. The cy3 and cy5 ladders could be loaded in the 203 

same lanes to increase accuracy of the mapping gel readout.  204 

 205 

RESULTS 206 

Controlling nucleosome positioning and stability within the IgL locus. 207 

To explore how SHM is influenced by nucleosomes within chromatin, we placed 208 

two copies of the strong nucleosome positioning sequence (NPS), MP2, that 209 

inhibited AID access in vitro (33) into the active lambda gene of mutating B cells, 210 
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DT40, by homologous recombination (Fig. 1). The cell line we used is a variant 211 

of DT40 cells that is an AID knock-out and expresses AID as a transgene (AID-212 

IRES-GFP) (2); all 25 ψV IgL genes are deleted (2) to make sure that these cells 213 

do not undergo IgL gene conversion. We chose a 147 bp MP2 sequence as a 214 

NPS for our study since it is reported to be a strong nucleosome positioning 215 

sequence (28). It has a significant number of AID hotspots (14.3 %), very similar 216 

to the IgL gene (11.6 %). We integrated two MP2 sequences, with a spacer of 76 217 

bp between them, into the IgL locus in such a way that the MP2 sequences will 218 

be at 235 bp and 458bp, respectively, from the transcription start site, which is 219 

the peak region of SHM in Ig genes.  220 

 Nucleosome occupancy and positioning appear to be partially regulated 221 

by the underlying DNA sequence (16, 22, 32, 43). AA/TT and/or TA di-222 

nucleotides spaced every 10 base pairs (bp) and out of phase with GC di-223 

nucleotides that are also spaced by 10 bp appear to have the highest preference 224 

for forming nucleosomes (17). The MP2 sequence is a variant of the strong 601 225 

positioning sequence, which was determined by SELEX experiments (17). The 226 

MP2 sequence has a significant number of AA, TT and TA di-nucleotides at 227 

around 10 bp intervals that are out of phase with GC di-nucleotides (Fig. 2A).  228 

 To validate our results with the stable nucleosome positioning sequence, 229 

MP2, we created a control sequence that is less favored to interact with histone 230 

proteins, lacking all the AA/TT/TA repeats that are a signature of a strong NPS, 231 

eventually reducing its affinity to the histone octamer, which is expected to make 232 

it a weaker positioning sequence, and test the influence of nucleosome stability 233 
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and positioning on AID accessibility. During the design of the 147 bp control 234 

sequence we replaced all AA/TT/TA repeats, however, kept the number of GCs 235 

and AID hotspots the same as that of the MP2 sequence (Fig. 2B). Aligning this 236 

control sequence M5 with MP2, there is no periodicity of either of AA/TT/TA di-237 

nucleotides as well as GC di-nucleotides (Fig. 2A, B). 238 

To assess the influence of the DNA base changes, which convert MP2 to 239 

M5, on the DNA-histone binding affinity, we carried out competitive nucleosome 240 

reconstitutions (40). Nucleosomes were reconstituted with histone octamer, an 241 

excess of low affinity competitor DNA, and either the MP2-247, M5-247 or 5S-242 

247 DNA molecules that were fluorophore labeled at the 5-prime ends. The 5S 243 

positioning sequence was used to allow for comparison to previous competitive 244 

reconstitution studies (40). A dynamic equilibrium between free DNA and DNA 245 

wrapped around a histone octamer is established and EMSA (Fig. 3A) is used to 246 

determine the equilibrium constant, Keq, between these DNA states. We 247 

determined Keq relative to the 5S sequence for MP2 (11 ± 4) and M5 (0.6 ± 0.2) 248 

(Fig. 3B) from the relative intensities of the nucleosome bands to the DNA band 249 

(Fig. 3C). The ratio of the relative Keq for MP2 and M5 indicates that MP2 is 18 250 

(11/0.6) times more probable to form a nucleosome than M5. We also 251 

determined the relative free energy of nucleosome formation with MP2-247 (-1.4 252 

± 0.2 kcal/mol) and M5-247 (0.4 ± 0.3 kcal/mol) relative to the 5S-247 DNA 253 

molecule from ∆∆G = -kBT(ln(Keq/Keq-5S), where kBT = 0.6 kcal/mol (Fig. 3C). This 254 

demonstrates that MP2 has a 1.8 kcal/mol lower free energy than M5 and that 255 



 13

nucleosomes containing MP2 are significantly more stable than nucleosomes 256 

containing M5. 257 

To determine the influence of this reduction in DNA-histone binding on 258 

nucleosome positioning, we quantified nucleosome positions by electromobility 259 

shift analysis (EMSA) of nucleosomes reconstituted with the MP2 sequence and 260 

the M5 sequence (Fig. 3D). Each sequence was centrally located within a 247 bp 261 

DNA test molecule (Fig. 3F). In the EMSA assay the slowest mobility band 262 

contains nucleosomes that are centrally located within the DNA molecule and the 263 

highest mobility band contains nucleosomes that are located at either end of the 264 

247 bp DNA molecule (19) (Fig. 3D). Fig. 3D clearly shows that nucleosomes 265 

within the MP2 sequence are largely centrally located with the only other position 266 

being at the ends of the DNA molecule. The M5 control sequence has a reduced 267 

fraction of nucleosomes at the central position, additional shifted positions and is 268 

largely positioned at the ends of the DNA molecule (Fig. 3D). Quantification of 269 

the band intensities finds that 70% of nucleosomes are centrally positioned within 270 

the MP2 DNA molecule, whereas less than 35 % of the nucleosomes within M5 271 

are centrally positioned (Fig. 3E). 272 

 To confirm that the findings in the gel shift analysis are due to changes in 273 

nucleosome position, we performed exonuclease III mapping of both the MP2 274 

positioning sequence as well as the M5 sequence (Fig. 3F-H). In this experiment 275 

a 247 bp linear DNA was used in which the central 147 bp DNA is either the MP2 276 

or the M5 sequence (Fig. 3F).  Purified nucleosomes are reconstituted with the 277 

same 247 bp DNA molecules that are labeled at one 5’ end with Cy5 and at the 278 
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other end with Cy3. The nucleosomes are treated with exonuclease III (Fig. 3F) 279 

and subsequently analyzed by denaturing polyacrylamide gel electrophoresis. 280 

Nucleosomes containing the MP2 sequence had a single stall position about 50 281 

bp into the DNA molecule for both strands (Fig. 3G).  This confirms that the 282 

nucleosomes are centrally located with a 147 bp footprint. However, exonuclease 283 

III mapping of nucleosomes containing the M5 positioning sequence showed a 284 

number of stall positions (Fig. 3H), that are consistent with nucleosome positions 285 

observed by EMSA (Fig. 3D, E), which confirms that positioning within DNA 286 

molecules containing M5 is significantly reduced relative to MP2.  287 

 After confirming that the M5 sequence has low affinity to histones we 288 

replaced either the first or the second or both copies of the MP2 positioning 289 

sequence with the less efficient M5 positioning sequence (Fig. 4A). Similar to the 290 

MP2-MP2 knock-in construct (Fig. 1), we created three control knock-in 291 

constructs, namely, M5-MP2, MP2-M5 and M5-M5, respectively. 292 

 The knock-in plasmids were constructed by cloning genomic sequences 293 

that flank the integration site in the IgL gene. A surface IgM positive clone of 294 

DT40 ψV knock-out cells was used for transfection so that targeted integration 295 

into the IgL locus can be easily detected by the loss of surface IgM expression. 296 

The targeted integrations were confirmed by Southern blotting with the MP2/M5 297 

region and V region of the IgL gene as probes (data not shown). The blasticidin 298 

(Bsr) drug marker gene present between two LoxP sites (Fig. 1) was excised by 299 

treating the cells with tamoxifen. Incidentally, the AID-IRES-GFP transgene is 300 

also flanked by two LoxP sites and is likely to be excised after treatment with 301 
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tamoxifen. We used a very low concentration of tamoxifen (25 nM) for 24 hours 302 

so that a fraction of cells retained the AID-IRES-GFP transgene. Cell clones that 303 

were GFP positive and had excised the blasticidin drug marker gene were 304 

selected and the blasticidin drug marker gene excision was confirmed by PCR 305 

and Southern blotting (data not shown).  306 

To test whether the presence of a strong or weak NPS influenced 307 

transcription through the IgL gene, we performed RTQ-PCR in the V region of the 308 

IgL gene in MP2-MP2, M5-MP2, MP2-M5 and M5-M5 knock-in clones, 309 

respectively and observed that knocking in a pair of strong positioning sequences 310 

(MP2) does not decrease transcription through the IgL gene (Fig. 4B). 311 

 To confirm whether nucleosomes are assembled at the MP2 sequence in 312 

the DT40 cells, we performed a Micrococcal Nuclease (MNase) assay for the 313 

MP2-MP2 knock-in clones. We treated nuclei from these cells with MNase, gel 314 

eluted mono-nucleosomes (i.e. a 150 bp band), and then performed PCR 315 

amplification for the positioning sequence as well as the spacer region. In Fig. 316 

5A, lanes 1 & 2 are PCR bands with MP2 sequence specific primers (pk58 and 317 

pk59, Table S1), whereas lanes 3 & 4 are specific for the spacer region (pk61 318 

and pk62, Table S1). Lanes 6 and 7 are control PCR reactions with the genomic 319 

DNA from the MP2-MP2 containing cell clones as templates. We observed a very 320 

strong band for the nucleosome region compared with the spacer region, 321 

suggesting that indeed nucleosomes were assembled at the MP2 sequence in 322 

the DT40 cells. Quantitation by Q-PCR analysis showed that the MP2 region was 323 

~7 fold more abundant compared to the spacer region (Fig. 5B) confirming 324 
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nucleosome assembly at the MP2 sequence. Similarly, to compare the relative 325 

stability of nucleosomes at the M5 sequence, Q-PCR analysis was performed 326 

with the gel eluted mono-nucleosomes from the M5-M5 knock-in clones using 327 

primers specific to the M5 sequence (pk71 and pk72, Table S1) as well as the 328 

spacer region (pk156 and pk157, Table S1) and observed that the M5 region 329 

was only ~2 fold more abundant compared to the spacer region (Fig. 5B). These 330 

results combined with our observation that MP2 is 7 times more abundant than 331 

the spacer region suggest that nucleosome occupancy at the M5 sequence is 332 

about four times less than at the MP2 sequence in the DT40 cells. This is 333 

consistent with our in vitro results that MP2 is significantly more stable than M5 334 

(Fig. 3). 335 

 336 

Nucleosomes significantly influence the mutation pattern of the IgL locus 337 

The MP2-MP2 knock-in clones were cultured for 5 weeks to acquire mutations in 338 

the IgL gene. A 1.2 kb PCR product of genomic DNA was amplified and 339 

sequenced encompassing MP2 as well as the VJ region (Fig. 6A). Fig. 6B 340 

shows the somatic hypermutation pattern of the MP2-MP2 knock-in clones. In the 341 

strong nucleosome positioning sequences (MP2) we observed reduction in 342 

mutation frequencies compared with the flanks (Fig. 6C). The number of 343 

mutations was 2-4 times reduced in both copies of the MP2 nucleosome 344 

positioning sequence compared with the spacer and neighboring IgL V region. 345 

Moreover, mutation frequencies per AID hotspot in the two nucleosome 346 

positioning sequences were also considerably lower, despite a similar proportion 347 
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of AID hotspots (Fig. 6C). We observed a predominance of single nucleotide 348 

substitutions with few insertions and deletions (Fig. S1A).  The clones show very 349 

few mutations in A/T bases and a preference for transversion mutations (Figs. 350 

S1B, S2) as was found by others in DT40 (2). Mutations at G bases were more 351 

than at C bases in the regions surrounding MP2 (Fig. 7B); this relationship was 352 

however reversed in MP2 (Fig. 7A). Finally, we find mutations are most 353 

significantly suppressed in the central region of the MP2 nucleosome, while 354 

mutations near the entry/exit regions of the nucleosome are the least suppressed 355 

(Fig. 7C, E).  These results indicate that the presence of stably positioned 356 

nucleosomes in the immunoglobulin gene significantly affects the accessibility of 357 

AID to and the mutation patterns within Ig genes.  358 

 359 

Reduction in nucleosome stability alters the mutation pattern within the IgL 360 

locus 361 

After 5 weeks of culturing we analyzed the mutation profiles of the M5-MP2, 362 

MP2-M5 and M5-M5 knock-in clones and compared them with the SHM profile of 363 

MP2-MP2 knock-in clones. With the M5-MP2 construct the percent mutations in 364 

the M5 region were around 3 times higher than in the corresponding MP2 region 365 

of the MP2-MP2 construct (P value: 0.0026), whereas mutations in the second 366 

MP2 region were almost the same (Fig. 6D). We also observed significant 367 

increases in the percent of mutations in the neighboring regions of M5 (Fig. 6E). 368 

Similarly, with MP2-M5, the percent mutations in the M5 region were around 3 369 

times higher than in the corresponding MP2 region in the MP2-MP2 construct (P 370 
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value: 0.0001), whereas the mutation frequency in the first MP2 region was 371 

almost the same (Fig. 6F, G). Finally, when we replaced both copies of the MP2 372 

sequence with M5, we observed a significant increase in the percent of mutations 373 

in both copies of M5 (Fig. 6H). Very similar to M5-MP2 and MP2-M5 constructs, 374 

the first M5 again showed an around three times increase in the percent of 375 

mutations compared to MP2 (P value: 0.0089), and the second M5 showed an 376 

around two times increase in the percent of mutations (P value: 0.0447), but not 377 

in the region 3’ of the second NPS (Fig. 6I). Replacing the MP2 sequence with 378 

the M5 sequence also changed the mutation pattern within the nucleosome. The 379 

mutations within the MP2 sequence are suppressed in the center of the 380 

nucleosome relative to the DNA entry/exit region of the nucleosome (Fig. 7C). In 381 

contrast, the distribution of mutations within the M5 sequence remained relatively 382 

constant (Fig. 7D). Furthermore, these patterns were not influenced by whether 383 

the adjacent NPS was M5 or MP2.  384 

We observed a predominance of single nucleotide substitutions with few 385 

insertions and deletions in MP2-MP2, M5-MP2, MP2-M5 and M5-M5 knock-in 386 

clones (Figs. S1A, S2).  All four types of knock-in clones show very few 387 

mutations in A/T bases and a preference for transversion mutations (Fig. S1B); 388 

two independent cell clones for each of the four types of nucleosome 389 

combinations were very similar (data not shown).  In the total 1.1 kb sequenced 390 

for each cell type, mutations at G bases were more than at C bases (Fig. S1B); 391 

this reflects the SHM pattern outside the NPSs (Fig. 7B), but within the NPSs, 392 

the C, G frequencies were reversed (Fig. 7A). Considering the three 49 bp 393 
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regions of the NPSs separately, the central region is less mutated in the MP2 394 

sequence compared with the entry/exit points i.e. sequences on the left and right 395 

(Fig. 7C, D). However, the M5 sequence has more mutation events in the central 396 

49bp region, although both the MP2 and the M5 sequence have the same 397 

number of seven AID hotspots in this region (Fig. 7E, F). Thus we conclude that, 398 

when we replaced a strong nucleosome positioning sequence (MP2) with a weak 399 

positioning sequence (M5), mutations in M5 were much higher than in MP2. 400 

 401 

DISCUSSION 402 

The rules for nucleosome assembly deduced from total genome analyses (22, 403 

32) enabled us to change the MP2 sequence with high affinity for histone cores 404 

to the low affinity M5 sequence.  While regulatory mechanisms also play a major 405 

role in chromatin structure (16, 43), the striking difference in the biophysical 406 

properties of MP2 and M5 nucleosomes validates previous conclusions that the 407 

primary DNA sequence can considerably affect the propensity for its assembly 408 

into nucleosomes (22, 32). 409 

The findings show that both the presence and stability of the nucleosome 410 

strongly influence mutation patterns during SHM: the number of mutations was 411 

significantly reduced in both copies of the nucleosome positioning sequence 412 

(NPS) MP2 and mutations per AID hotspot in the MP2 sequence were 413 

considerably lower as compared to the IgL gene, despite a similar proportion of 414 

hotspots. Moreover, replacement of a stable NPS (MP2) with a less stable 415 

sequence (M5) resulted in higher mutations. We conclude that the stability of 416 
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nucleosomes in the IgL gene significantly affects the outcome of the somatic 417 

hypermutation process. 418 

 There are two mechanisms by which AID could gain access to 419 

nucleosomal DNA. One possible mechanism is that the DNA must be 420 

nucleosome-free for AID to access DNA (Fig. 8A). Nucleosomes could be 421 

disassembled by RNA transcription, which is important for deamination by AID 422 

(33). Histone chaperones (7) and/or chromatin remodeling (5, 36) could further 423 

enhance nucleosome disassembly.  In this model, the mutation rate should 424 

remain constant through the nucleosome positioning sequence since mutations 425 

only occur when the DNA is nucleosome free. Alternatively, the nucleosomes 426 

could be retained during transcription and AID gains access to DNA through 427 

partial DNA unwrapping (Fig. 8B) and/or nucleosome repositioning (Fig. 8C). 428 

These nucleosome alterations expose DNA that is originally wrapped into a 429 

nucleosome. Transcription through a nucleosome (13) and nucleosome 430 

remodeling could induce nucleosome repositioning (5) and enhance nucleosomal 431 

DNA unwrapping fluctuations, which occur rapidly many times a second (14). In 432 

this model, the mutation rates are expected to be the highest near the entry/exit 433 

regions and lowest near the nucleosome center. DNA site exposure by 434 

unwrapping is greatest near the entry/exit regions and exponentially reduced for 435 

DNA sites further into the nucleosome (1, 29). Also, since nucleosomes are 436 

spaced by 30 to 60 base pairs (42), nucleosome repositioning is restricted, so 437 

again sites near the DNA entry/exit regions will be the most accessible. The 438 
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unwrapping/repositioning models are not mutually exclusive, so both could occur 439 

in vivo. 440 

Our studies of the mutation levels within both MP2 and M5 and our 441 

biophysical characterization of MP2 and M5 nucleosomes indicate that both the 442 

disassembly and unwrapping/ repositioning mechanisms occur in vivo. M5 has 443 

both a reduced affinity to the histone octamer and reduced nucleosome 444 

positioning strength relative to MP2. Therefore, M5 has the ability to enhance 445 

mutations by both nucleosome repositioning and disassembly. Furthermore, the 446 

mutation patterns within MP2 and M5 indicate that both mechanisms occur. The 447 

mutation frequency within the MP2 sequence is greatest near the entry/exit 448 

regions, which is consistent with the unwrapping / repositioning models (Fig. 8B, 449 

C).  This mutation pattern suggests that the dominant mechanism by which AID 450 

gains access to highly stable nucleosomes is by either the unwrapping (Fig. 8B) 451 

or the repositioning model (Fig. 8C).  Repositioning would likely be affected by 452 

the neighboring nucleosomes.  Since there is no increase in the mutability of 453 

MP2 when the other NPS is M5 rather than MP2 (Fig. 6), the current study 454 

supports unwrapping (Fig. 8B).  However, the mutation frequency within the M5 455 

sequence is relatively constant in relative concordance with the AID hotspot 456 

distributions across M5 (Fig. 7D, F); this finding supports the disassembly mode 457 

for M5 (Fig. 8A).  Since the M5 sequence has a lower affinity to the histone 458 

octamer, this DNA sequence could reduce nucleosome occupancy by both 459 

enhancing the rate of nucleosome disassembly and reducing re-assembly. The 460 

~four-fold reduction in nucleosome occupancy produced by replacing MP2 with 461 
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M5 (Figs. 3, 5) also resulted in a 3-fold increase in mutation frequency (Fig. 6). 462 

The combination of these results strongly suggests that AID accesses less stable 463 

nucleosomes largely by the disassembly model.   464 

These in vivo findings are interesting given our previous results with in 465 

vitro assays of the mutability by AID of MP2 embedded in a supercoiled circular 466 

plasmid, pKMP2 (33).  In contrast to naked pKMP2 DNA, MP2 containing 467 

nucleosomes in the plasmid were not mutated by AID alone.  However, there 468 

were ample mutations in the MP2 nucleosome sequences when the plasmids 469 

were transcribed. The arrangement and sequences of the two MP2 and spacer 470 

elements were the same as used in this paper.  The conclusion was that AID 471 

cannot access nucleosomes unless they are transcribed (33).  Clearly the Ig 472 

lambda gene in the DT40 cells used here is continuously transcribed and MP2 is 473 

mutated, however at a reduced frequency compared with the flanking DNAs.  It is 474 

not simple to make a direct comparison between MP2 and flanks in the in vitro 475 

experiments; there some regions without a defined nucleosome were slightly 476 

more mutable than MP2, others had very few mutations [Fig. 5K in reference 477 

(33)].  We do not know whether and where nucleosomes were randomly placed 478 

in the ~3.9 kb plasmid outside of the MP2 regions.  Interestingly, in the in vitro 479 

experiments the pKMP2 plasmid was transcribed by T7 RNA polymerase that is 480 

considerably smaller than the pol II operating in vertebrate cells. It had been 481 

shown that nucleosomes containing a T7 promoter are completely displaced by 482 

T7 pol (39).  The results reported here show that RNA polymerase PolII can deal 483 
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with nucleosomes more efficiently than AID and suggest that subtle epigenetic 484 

events may be best investigated in vivo. 485 

AID requires single-stranded DNA for access (8) and operates 486 

processively (27).  Our previous data support the idea that negative supercoils 487 

behind the RNA polymerases (pol) extrude single-stranded Cs as AID targets 488 

(34).  The propagation of negative supercoils is probably inhibited at the next 489 

nucleosome.   This is supported by comparing the processivity of AID in cell free 490 

assays with that in vivo (37). In vitro up to 16 consecutive Cs are deaminated by 491 

AID in stretches of up to ~60 total NTs (37).  In vivo maximally 4-5 consecutive 492 

Cs, but mostly only 2, are mutated in up to 11 total NTs (37), but nevertheless 493 

the AID processitivity is significantly greater than expected also in vivo (p<0.01).  494 

Thus apparently the average length of the spacers between nucleosomes allows 495 

sufficiently large stretches of negative supercoils to develop and become 496 

accessible to AID. 497 

We find that while nucleosome occupancy influences SHM within the Ig 498 

locus, the level of transcription is not significantly influenced by a strong NPS. 499 

Only a 2 fold change in transcription was also observed in budding yeast when 500 

the high affinity NPS, 603, was inserted at the beginning of the CUP1 gene (10). 501 

Interestingly, Gaykalova et al. (10) found that 603 did not position nucleosomes 502 

well in vivo, while our studies find that the MP2 sequence significantly positions 503 

nucleosomes. In addition, a high throughput sequencing study (11) found that a 504 

601 NPS inserted in the EF1a promoter of the human Factor IX gene contained 505 



 24

well-positioned nucleosomes that then became depositioned as the gene was 506 

silenced. 507 

An important difference between these previous studies and ours is the 508 

location of the NPS with respect to the transcription start site. We inserted the 509 

two NPSs into the transcribed region of the gene (235 and 458 base pairs 510 

respectively, from the transcription start site). The 603 sequence in the studies by 511 

Gaykalova et al. was at the first nucleosome within the transcribed region of the 512 

gene (56 base pairs from the transcription start site) and the 601 sequence in the 513 

Gracey et al. studies was inserted in the promoter upstream from the 514 

transcription start site. The combinations of these results are consistent with the 515 

idea that chromatin remodeling may selectively influence nucleosome position 516 

near the promoter region of genes. Interestingly, in vitro measurements by 517 

Gaykolova et al. suggested that chromatin remodeling near the promoter could 518 

be responsible for their observed depositioning at the 603 NPS. 519 

SHM experiments in mice showed a certain periodicity of the mutation 520 

patterns in a highly mutable Ig transgene, RS (20).  The results were consistent 521 

with the conclusion that the Ig gene was organized into nucleosomes, but that 522 

different cells had different nucleosome phasings and that the nucleosome 523 

pattern was relatively stable for a given cell for several generations throughout 524 

the hypermutation process.   525 

Clearly, in the current study the inserted MP2 must have caused rather 526 

stable nucleosome phasing: In MP2-MP2 on average seven times more of the 527 

MP2 sequences are in nucleosomes rather than of the spacers (Fig. 5B).  Even 528 
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the M5 sequence is slightly more nucleosomal than the spacer (Fig. 5B) and 529 

about 30% of the M5 sequences are stably associated with histone cores (Fig. 530 

3E). We find that the MP2 sequence, which is a variant of the 601 sequence, is 531 

1.4 kcal/mol lower in free energy than the 5S sequence, while the M5 sequence 532 

is 0.4 kcal/mol higher than the 5S sequence. The MP2 sequence is about 1 533 

kcal/mol (23, 40) higher in free energy than the original 601 sequence and is 534 

similar to one of the highest in vivo NPSs (40, 41). This indicates that the MP2 535 

sequence is at the extreme of high affinity nucleosome positioning sequences in 536 

vivo and that it is not representative of the typical nucleosomal DNA in vivo. The 537 

M5 sequence is lower affinity than the well studied 5S NPS, but similar to mouse 538 

minor satellite DNA (40). These sequences are about 0.6 kcal/mol lower than 539 

average affinity of mouse DNA to histone octamers. This indicates that the M5 540 

sequence is representative of typical nucleosomal DNA in vivo and that our 541 

observations of the influence of nucleosomes on SHM at the M5 sequence may 542 

apply to nucleosomes in the native Ig locus. Thus this study suggests that the 543 

limits of nucleosome positioning for Ig genes may be below MP2 stability and 544 

around and below that of M5. It will be interesting to investigate the propensity for 545 

nucleosome positioning of endogenous Ig genes in mice and human.  It seems 546 

possible that the variable regions of Ig genes have evolved for low nucleosome 547 

stability to enhance the chance for increased access to AID, DNA repair factors 548 

and error-prone DNA polymerases and hence creation of maximal variability by 549 

somatic hypermutation. 550 

 551 
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 705 

FIGURE LEGENDS  706 

FIG 1 Map of the rearranged Ig light chain locus in the chicken B-cell line DT40. 707 

The locus contains a leader, V, J and C region of IgL gene. The strategy of 708 

knocking in 2 MP2s (440bp) by the targeted integration is shown. 709 

 710 

FIG 2 M5 control sequence (A) Alignment of the MP2 and M5 sequences 711 

showing periodicity of AA/TT/TA and GC di-nucleotides. Stretches of AA, TT and 712 

TA are underlined, GC are in bold letters. The numbers 0 and 5 relate to the 713 

dyad center. AA/TT/TA di-nucleotides are shown in solid arrows on the top, and 714 

GC di-nucleotides are shown in dashed arrows on the bottom of the sequence. 715 

(B) Sequences of MP2 and M5. Stretches of AA, TT and TA are underlined, GC 716 

are in bold letters, c and g in the AID hotspots (WRC and GYW) are in small 717 

letters, 47 changes in the MP2 sequence to create M5 are marked with *. 718 

 719 

FIG 3 Properties of MP2 and M5 NPSs.  (A, B, C) Competitive reconstitution.  720 

The probability and differences in the relative free energy of nucleosome 721 

formation were determined by competitive reconstitution. (A) Electromoblity shift 722 

assay was done to quantify the fraction of nucleosomes that formed within MP2-723 

247 (lanes 2-4), M5-247 (lanes 5-7) and 5S-247 in the presence of low affinity 724 

and unlabeled carrier DNA. Competitive reconstitution was done in triplicates for 725 

the MP2, M5 as well as 5S sequence and each lane represents a separate 726 

reconstitution. (B) The equilibrium constants, Keq, for the formation of 727 
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nucleosomes with MP2 (Keq = 11 ± 4) and M5 (Keq = 0.6 ± 0.2) relative to the 5S 728 

positioning sequence. The error bars represent the variation in between the three 729 

reconstitutions. (C) The difference in the free energy for nucleosome formation 730 

between 5S-247, and either MP2 (∆∆G = -1.4 ± .2) or M5 (∆∆G = 0.4 ± 0.3). (D, 731 

E) Electrophoretic Mobility Shift Assay.  (D) 5% Native PAGE gel of nucleosomes 732 

reconstituted on MP2-247 or M5-247 DNA. Mobility of a nucleosome through the 733 

gel is dependent upon its position on the DNA. (E) Fraction of centrally position 734 

nucleosomes with respect to all nucleosome positions from MP2-247 and M5-735 

247. (F, G, H) Exonuclease III mapping of MP2 and M5 nucleosome positioning 736 

sequences. (F) Map of the nucleosome and flanking DNA. (G, H) Exonuclease 737 

assays, details in Methods (33). The Cy5 or Cy3 labeled nucleosomes were 738 

treated with exonuclease III (G: lanes 1-8, MP2 and H: lanes 1-7, M5 are 739 

increasing incubation times from 0 to 30 mins). Sequencing ladders (two right 740 

lanes in each group) were prepared with ddATP and ddTTP.  741 

 742 

FIG 4 Replacing either the first or second or both the MP2 with M5. (A) Four 743 

combinations of MP2 and M5 inserted in the DT40 Ig lambda locus. (B) 744 

Transcription levels at the IgL V region in the four knock-in clones. Histograms 745 

show relative mRNA levels to the MP2-MP2 knock-in clone; the values are 746 

normalized with chicken β-actin levels. The data represent means and SDs of 747 

three independent experiments. 748 

 749 
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FIG 5 Nucleosomes are assembled at the MP2 and M5 sequence in vivo. (A) 750 

MP2-MP2 cells: Lanes 1 and 2, a 147 bp amplification band with MP2 specific 751 

primers using the mono-nucleosomes as the template; Lanes 3 and 4, a 144 bp 752 

amplification band with spacer specific primers using of the mono-nucleosomes 753 

as the template; Lane 5, 100-bp DNA ladder (100 bp to 1000 bp); Lane 6, 147 bp 754 

and 370 bp amplification bands with MP2 specific primers using the genomic 755 

DNA from the MP2-MP2 knock-in clones; Lane 7, a 144 bp amplification band 756 

with spacer specific primers using the genomic DNA from the MP2-MP2 knock-in 757 

clones as the template. (B) Fold stability of the MP2 and the M5 positioning 758 

sequences in the MP2-MP2 and M5-M5 DT40 knock-in clones. The histograms 759 

represent relative abundance of either the MP2 or the M5 positioning sequence 760 

compared to the respective spacer regions, as analyzed by Q-PCR. The values 761 

are normalized for the copy number and primer efficiencies. The data represent 762 

means and SDs of two independent experiments. 763 

 764 

FIG 6 Ig light chain sequence analysis of the nucleosome positioning sequence 765 

knock-in clones. (A) Map of lg gene with 2 MP2s (not to scale); the triangle 766 

represents the two recombined loxP sites. (B), (D), (F) and (H) Mutations in 1.1 767 

kb from the start of transcription (=1); nos. on Y-axis: point mutations at the 768 

indicated positions in MP2-MP2 (B), M5-MP2 (D), MP2-M5 (F), and M5-M5 (H). 1 769 

to 165, IgL gene containing the leader region; 235 – 382, first NPS (MP2 / M5); 770 

383 – 457, spacer between two NPS; 458 – 605, second NPS; 606 – 695, loxP 771 

site generated from the Bsr marker excision; 695 – 1100, IgL gene containing V 772 
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and J regions; (C), (E), (G) and (I), summary of mutations; CDR, 773 

complementarity determining region. 774 

 775 

FIG 7 Mutation events in the MP2 and the M5 sequences. (A, B) Patterns of 776 

nucleotide substitutions within 2x 147 bp of MP2-MP2 and M5-M5 nucleosome 777 

positioning knock-in clones (A) and 0.8 kb of flanking DNA, that includes 5’ of the 778 

first NPS, spacer between the two NPSs and 3’ of the second NPS (B); the ratios 779 

of transitions (ts) to transversions (tv) are also shown. (C, D) Histograms show 780 

distribution of mutations across the 147bp region of either MP2 or M5 sequences. 781 

The 147bp positioning sequence was divided into three 49bp regions and total 782 

mutation events are shown in each region. The bottom panel shows positions 783 

and the number of AID hotspots (WRC and GYW) in the three regions. (E, F) 784 

Summary of mutations in the 147bp region of either the MP2 or M5 sequences. 785 

MP2-I (MP2-MP2) = the first of the two MP2 inserts; etc. The top panel shows all 786 

mutation events and the bottom panel shows mutations per AID hotspots in the 787 

three 49bp regions of the MP2 and M5 sequence, respectively. 788 

 789 

FIG 8 Models of nucleosomal DNA exposure for SHM. The nucleosome can be 790 

(A) disassembled and reassembled, which requires all of the DNA-histone 791 

contacts to be broken. Alternatively, the DNA can (B) partially unwrap from or (C) 792 

reposition with respect to the histone octamer. Both of these models maintain 793 

DNA-histone contacts. 794 
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