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-18.2 -35.3 -33.8 -41.4 -34.2 -19.5 -19.7 -13.0 -7.1 -0.7 -5E-2 -7E-5 -2E-10 -2E-10 -2E-10 -2E-10 -2E-10

-5E-2 -0.9 -4.5 -1.9 -1.7 -6.9 -4.0 -3.0 -2.0 -7E-2 -1.0 -0.9 -9E-2 -6E-2 -4E-3 -2E-5 -3E-4

-3.8 -5.4 -3.6 -2.2 -6.5 -5.3 -0.5 -1.1 -0.8 -0.1 -9E-3 -2E-3 -2E-3 -2E-3 4E-11 -9E-13 3E-13

-2.3 -4.4 -7.2 -4.4 -10.8 -9.6 -10.0 -4.9 -4.5 -0.3 -0.7 -6E-2 -5E-2 -7E-3 -3E-5 -1E-9 -8E-10

-0.9 -1.4 -2.3 -5.3 -3.1 -2.0 -10.9 -2.2 -1.1 -2E-2 -0.4 -0.8 -4E-2 -7E-2 -6E-3 -9E-3 -6E-2

-14.3 -2.0 -8.8 -3.6 -2.3 -8.7 -15.5 -0.3 -2.4 -2.2 -0.6 -4.2 -0.2 -6E-2 -7E-6 -2E-8 -2E-7

-19.9 -13.9 -8.0 -11.7 -2.3 -0.8 -1.0 -0.9 -1.8 -0.8 -0.4 -1.1 -4E-3 -2E-6 -6E-7 -1E-4 -2E-10

-7.7 -6.3 -4.6 -7.3 -2.8 -1.4 -0.1 -4.5 -1.3 -1.5 -1.9 -1.0 -0.5 -4E-5 -7E-4 -1E-6 -4E-6

-0.7 -1.0 -6.2 -2.5 -2.6 -1.2 -0.9 -3.5 -0.7 -6E-2 -0.6 -4E-2 -1.0 -8E-2 -0.4 -2E-6 -1E-2

-0.4 -0.1 -0.5 -0.3 -4.0 -1.5 -5.0 -9.5 -3.3 -0.2 -0.6 -0.3 -0.2 -6E-2 -0.1 -7E-3 -6E-2

-6.0 -4E-3 -0.8 -1.1 -0.5 -2.1 -4.1 -4.9 -5.0 -2.7 -0.7 -0.9 -9E-2 -0.3 -5E-3 -2E-2 -3E-11

-2E-10 -1E-10 -1E-10 -1E-10 -1E-10 -2E-10 -1E-10 -2E-10 -1E-7 -1E-5 -2E-3 -1E-3 -5.5 -88.0 -188.0 -301.7 -46.0

-6.4 -0.5 -3E-2 -2.6 -0.9 -2.6 -1.9 -0.8 -3E-2 -0.1 -5.1 -1.0 -0.7 -4E-2 -0.1 -3E-11 -5E-11

-6E-10 -2E-10 -2E-10 -6E-10 -8E-7 -5E-9 -1E-4 -1E-1 -1.4 -0.8 -0.1 -0.6 -2.3 -38.6 -79.9 -200.4 -23.1

-12.9 -8.4 -16.4 -7.0 -6.5 -3.4 -1.8 -6.8 -6.7 -10.7 -8.3 -0.7 -2E-2 -9E-7 -2E-10 -2E-10 -1E-10

-0.1 -0.2 -8E-3 -9E-4 -5E-2 -0.2 -1.0 -1.7 -2.0 -1.9 -11.7 -12.6 -13.6 -6.7 -0.3 -8E-2 -3E-3

-0.9 -9E-2 -1.7 -1.0 -0.6 -1.7 -3.5 -1.8 -2.8 -3.6 -4.4 -7.4 -3.9 -0.9 -0.2 -3E-4 -5E-7

-0.5 -2.5 -0.9 -2.1 -0.2 -3.7 -1.3 -4.9 -7.7 -2.7 -2.5 -6E-2 -0.6 -1E-2 -4E-4 -6E-3 -7E-2

-1.9 -9E-4 -4E-4 -2E-5 -3E-3 -1.1 -1.3 -2.8 -6.3 -5.9 -16.0 -17.6 -2.5 -1.0 -1E-2 -1E-2 -9E-8

-0.1 -5E-2 -5E-2 -7E-3 -0.4 -0.1 -0.5 -3.3 -5.6 -14.8 -19.2 -4.2 -3.6 -1.2 -0.1 -2E-5 -9E-8

-0.4 -0.5 -0.7 -0.2 -0.5 -1.0 -0.7 -4.6 -12.3 -0.2 -6.6 -1.2 -7E-2 -0.3 -5E-2 -1E-2 -4E-11

-1E-2 -6E-2 -1.4 -9E-5 -2.8 -2.2 -1.7 -1.0 -2.2 -2.2 -6.6 -1.2 -0.2 -1E-2 -8E-2 -0.2 -3E-3

-2E-2 -0.2 -5E-2 -2E-4 -1E-2 -2E-2 -1.0 -2.7 -8.2 -9.8 -5.2 -7.0 -5.5 -0.6 -1.0 -2E-2 -1E-3

-0.6 -0.7 -0.3 -8E-2 -0.2 -1.6 -4.7 -9.4 -10.3 -5.2 -11.5 -1.0 -1.2 -5E-3 -2E-3 -5E-4 -8E-5

-0.6 -0.6 -4E-2 -9E-3 -9E-2 -1.6 -6.4 -10.5 -12.6 -7.5 -11.9 -4.0 -1.7 -1E-2 -6E-3 -5E-3 -4E-7

-2.7 -0.8 -1.3 -0.2 -1.0 -0.9 -8.7 -7.9 -8.2 -4.2 -2.7 -8E-2 -7E-2 -4E-2 -2E-2 -2E-3 -2E-11

-7.3 -1.5 -2.9 -3.7 -1.3 -3.3 -12.2 -21.6 -15.2 -8.5 -5.2 -0.4 -4E-4 -2E-9 -9E-11 -1E-10 -1E-10

-2.1 -0.5 -1.4 -3E-2 -2.5 -3.7 -11.2 -14.7 -18.7 -13.8 -6.6 -0.3 -2E-2 -2E-8 -4E-10 -4E-7 -8E-10

-0.9 -0.4 -0.5 -0.3 -2.4 -4.1 -16.2 -12.8 -20.6 -11.5 -7.8 -1.1 -2E-2 -4E-7 -6E-10 -1E-10 -3E-9

-3E-2 -0.3 -4E-4 -0.2 -0.4 -0.2 -4E-2 -4.9 -15.9 -41.9 -24.3 -3.5 -6E-2 -5E-2 -4E-3 -4E-4 -1E-6

-6.2 -7E-2 -0.5 -0.1 -2.7 -4.7 -20.5 -36.7 -38.0 -31.8 -41.0 -9.7 -2E-2 -5E-8 -2E-10 -2E-10 -2E-10

-5.7 -0.1 -9E-2 -0.1 -2.0 -2.5 -12.3 -40.5 -30.3 -25.1 -28.1 -7.6 -0.1 -3E-5 -1E-10 -2E-10 -1E-10

-0.2 -5E-4 -3E-4 -2E-4 -3E-8 -7E-11 -5E-11 -1E-10 -2E-7

-0.8 -0.3 -0.5 -0.3 -3E-11 -1E-2 -1E-2 -2E-3 -7E-2 -2E-3 1E-11 -1E-3 -2E-11

-6E-2 -0.6 -0.1 -3E-4 -4E-3 -9E-5 -5E-5 -5E-5 -4E-4 2E-11

-1E-2 -4E-3 -2E-3 -1E-8 -5E-11 -6E-11 -8E-11 -2E-7

-0.9 -0.2 -0.1 -3E-5 -6E-2 -8E-5 -4E-6 -3E-5 -6E-8 -2E-10 -2E-7 -5E-11

-1.0 -1E-2 -4E-6 -6E-5 -5E-3 -2E-6 -7E-6 -7E-6 -4E-8 -4E-12

-0.3 -1E-3 -3E-2 -8E-6 -1E-8 -1E-10 -9E-11 -1E-10 -8E-11

-0.9 -0.7 -0.2 -8E-2 -7E-4 -1E-3 -2E-3 -3E-6 -1E-6 -2E-11

-5E-2 -1E-2 -3E-4 -2E-6 -9E-6 -1E-4 -1E-11 -2E-8 -2E-8 -4E-11 -1E-3

-0.7 -2E-2 -4E-2 -2E-4 -1E-3 7E-12 -3E-5 -4E-5 -2E-5 6E-13 -4E-11 -4E-11

-0.9 -0.2 -0.9 -3E-2 -0.4 -8E-3 -4E-2 -2E-2 -4E-2 -6E-4 -3E-5 2E-11

-0.8 -0.3 -2E-3 -9E-3 5E-12 -3E-4 -6E-12 -1E-11 5E-12 -3E-11 -5E-11

-0.2 -2E-3 -3E-2 -4E-3 -2E-6 -3E-10 -1E-7 -7E-11 -4E-9

-0.6 -0.5 -0.5 -1E-3 -1E-5 -4E-7 -2E-10 -3E-10

-0.5 -0.6 -0.2 -2E-3 -4E-3 -3E-3 -2E-6 -7E-11 -2E-8

-3E-2 -0.1 -0.3 -1E-2 -1E-3 -1E-4 -3E-2 -8E-5 -4E-11

-1E-3 -1E-3 -2E-6 -3E-6 -2E-9 -1E-10 -2E-10 -1E-10

-0.6 -4E-3 -6E-2 -2E-4 -7E-2 -1E-3 -8E-7 -2E-10 -1E-10

-2E-2 -2E-2 -0.5 -7E-2 -1E-2 -3E-6 -3E-2 -3E-4 -3E-4

-0.5 -1E-2 -2E-8 -2E-10 -2E-10 -2E-10 -2E-10 -2E-10

-0.7 -0.5 -0.3 -4E-3 -0.3 3E-12 -9E-4 1E-11 -5E-3 -2E-11 -3E-11

-0.9 -0.5 -0.5 -8E-2 4E-12 -0.9 -2E-2 -2E-2 3E-11 -2E-2 4E-13 -2E-11

-1.0 -0.9 -2E-3 -7E-8 -1E-10 -1E-10 -1E-10

-0.8 -0.3 -0.8 -0.3 -0.1 -2E-2 -7E-3 -1E-3 -2E-3

-0.9 -3E-3 -2E-4 -4E-5 -1E-9 -9E-9

-0.2 -0.5 -0.2 -0.3 -2E-6 -1E-6 -1E-10 -1E-4

-0.9 -0.5 -3E-4 -4E-2 -0.3 -0.1 -0.3 -5E-4 -2E-2 -3E-3

-0.7 -5E-2 -7E-5 -2E-10 -2E-10 -2E-10 -2E-10 -2E-10

-5E-2 -0.9 -7E-2 -1.0 -0.9 -9E-2 -6E-2 -4E-3 -2E-5 -3E-4

-0.5 -0.8 -0.1 -9E-3 -2E-3 -2E-3 -2E-3 4E-11 -9E-13 3E-13

-0.3 -0.7 -6E-2 -5E-2 -7E-3 -3E-5 -1E-9 -8E-10

-0.9 -2E-2 -0.4 -0.8 -4E-2 -7E-2 -6E-3 -9E-3 -6E-2

-0.3 -0.6 -0.2 -6E-2 -7E-6 -2E-8 -2E-7

-0.8 -1.0 -0.9 -0.8 -0.4 -4E-3 -2E-6 -6E-7 -1E-4 -2E-10

-0.1 -1.0 -0.5 -4E-5 -7E-4 -1E-6 -4E-6

-0.7 -1.0 -0.9 -0.7 -6E-2 -0.6 -4E-2 -1.0 -8E-2 -0.4 -2E-6 -1E-2

-0.4 -0.1 -0.5 -0.3 -0.2 -0.6 -0.3 -0.2 -6E-2 -0.1 -7E-3 -6E-2

-4E-3 -0.8 -0.5 -0.7 -0.9 -9E-2 -0.3 -5E-3 -2E-2 -3E-11

-2E-10 -1E-10 -1E-10 -1E-10 -1E-10 -2E-10 -1E-10 -2E-10 -1E-7 -1E-5 -2E-3 -1E-3

-0.5 -3E-2 -0.9 -0.8 -3E-2 -0.1 -1.0 -0.7 -4E-2 -0.1 -3E-11 -5E-11

-6E-10 -2E-10 -2E-10 -6E-10 -8E-7 -5E-9 -1E-4 -1E-1 -0.8 -0.1 -0.6

-0.7 -2E-2 -9E-7 -2E-10 -2E-10 -1E-10

-0.1 -0.2 -8E-3 -9E-4 -5E-2 -0.2 -1.0 -0.3 -8E-2 -3E-3

-0.9 -9E-2 -1.0 -0.6 -0.9 -0.2 -3E-4 -5E-7

-0.5 -0.9 -0.2 -6E-2 -0.6 -1E-2 -4E-4 -6E-3 -7E-2

-9E-4 -4E-4 -2E-5 -3E-3 -1.0 -1E-2 -1E-2 -9E-8

-0.1 -5E-2 -5E-2 -7E-3 -0.4 -0.1 -0.5 -0.1 -2E-5 -9E-8

-0.4 -0.5 -0.7 -0.2 -0.5 -1.0 -0.7 -0.2 -7E-2 -0.3 -5E-2 -1E-2 -4E-11

-1E-2 -6E-2 -9E-5 -1.0 -0.2 -1E-2 -8E-2 -0.2 -3E-3

-2E-2 -0.2 -5E-2 -2E-4 -1E-2 -2E-2 -0.6 -2E-2 -1E-3

-0.6 -0.7 -0.3 -8E-2 -0.2 -1.0 -5E-3 -2E-3 -5E-4 -8E-5

-0.6 -0.6 -4E-2 -9E-3 -9E-2 -1E-2 -6E-3 -5E-3 -4E-7

-0.8 -0.2 -1.0 -0.9 -8E-2 -7E-2 -4E-2 -2E-2 -2E-3 -2E-11

-0.4 -4E-4 -2E-9 -9E-11 -1E-10 -1E-10

-0.5 -3E-2 -0.3 -2E-2 -2E-8 -4E-10 -4E-7 -8E-10

-0.9 -0.4 -0.5 -0.3 -2E-2 -4E-7 -6E-10 -1E-10 -3E-9

-3E-2 -0.3 -4E-4 -0.2 -0.4 -0.2 -4E-2 -6E-2 -5E-2 -4E-3 -4E-4 -1E-6

-7E-2 -0.5 -0.1 -2E-2 -5E-8 -2E-10 -2E-10 -2E-10

-0.1 -9E-2 -0.1 -0.1 -3E-5 -1E-10 -2E-10 -1E-10

-4E-6 -3E-8 -9E-10 -4E-10 -4E-4 -1E-2 -2E-8 -3E-4 -8E-3 -0.5 -1E-2 -2.6 -11.8 -16.9 -28.9 -34.6 -37.8

-2E-3 -3E-12 -2E-12 -1E-2 -1E-2 -2E-3 -3E-11 -4E-14 -0.1 -1E-2 -0.3 -0.3 -2.7 -3.7 -9.2 -28.8 -10.2

-7E-5 -4E-5 -5E-5 -5E-5 -5E-4 -3E-3 -6E-4 -1E-2 -0.5 -0.2 -1.1 -1.9 -1.2 -13.4 -3.6 -24.6 -14.4

-2E-4 -4E-7 -3E-4 -1E-6 -3E-5 -2E-4 -4E-4 -3E-2 -1E-2 -2E-2 -0.2 -2.4 -11.0 -19.7 -16.3 -45.1 -23.8

-2E-5 -1E-3 -4E-7 -6E-5 -1E-3 -5E-7 -6E-4 -5E-8 -5E-4 -5E-4 -1.0 -1.4 -4.8 -19.7 -27.8 -31.6 -20.5

-2E-6 -4E-4 -8E-7 -5E-4 -8E-7 -4E-5 -4E-5 -4E-3 -0.3 -0.4 -1.0 -1.5 -7.1 -16.5 -11.9 -16.4 -17.8

-9E-5 -6E-4 -2E-7 -5E-4 -2E-7 -9E-6 -1E-4 -2E-2 -9E-2 -0.2 -1.7 -2.8 -12.7 -17.5 -23.9 -35.9 -24.9

-8E-3 -5E-2 -3E-2 -2E-2 -2E-3 -6E-3 -7E-2 -0.6 -0.1 -3.0 -0.3 -0.2 -6.0 -6.3 -4.8 -9.9 -12.7

-6E-6 -2E-7 -2E-5 -2E-5 -3E-7 -2E-8 -2E-8 -2E-5 -1E-3 -0.6 -0.1 -1.6 -14.7 -17.8 -12.8 -21.0 -13.7

-3E-5 -2E-11 -1E-11 -3E-4 -0.1 -2E-5 -3E-4 -2E-5 -2E-3 -1.8 -0.2 -1.1 -5.4 -9.8 -11.5 -16.8 -6.7

-7E-4 -1E-2 -3E-3 -4E-2 -1E-2 -0.7 -8E-2 -3E-2 -3E-2 -1.4 -0.3 -1.0 -0.6 -6.2 -10.7 -9.0 -5.8

-3E-4 -1E-11 -3E-12 -1E-11 -2E-3 -3E-4 -3E-4 -5E-12 -2E-4 -9E-2 -0.2 -3.6 -5.5 -21.6 -7.0 -11.8 -7.9

-5E-3 -4E-3 -1E-6 -3E-3 -6E-5 -3E-3 -4E-4 -3E-3 -0.6 -0.1 -1.4 -1.8 -16.4 -15.0 -16.5 -18.5 -9.2

-2E-2 -0.5 -8E-2 -0.4 -2E-2 -1.7 -1E-2 -1E-3 -7E-3 -9E-2 -0.2 -1.4 -4.7 -4.6 -10.6 -21.4 -6.8

-7E-4 -4E-2 -0.2 -5E-2 -7E-2 -3E-5 -3E-3 -0.6 -9E-2 -1.9 -0.5 -2.0 -8.0 -4.0 -12.3 -7.2 -6.8

-1.0 -3E-2 -3E-2 -1E-2 -4E-3 -4E-3 -3E-2 -0.1 -0.1 -1E-2 -0.4 -0.4 -6.2 -7.8 -3.1 -9.8 -5.9

-9E-3 -6E-2 -2E-3 -9E-2 -7E-6 -1E-3 -1E-2 -0.2 -2E-2 -2.6 -3.2 -10.4 -13.2 -11.6 -6.8 -17.4 -10.7

-2E-9 -1E-2 -5E-2 -8E-2 -6E-2 -8E-4 -7E-3 -1.4 -0.8 -1.4 -0.8 -4.5 -15.3 -6.5 -15.5 -4.9 -9.5

-0.7 -9E-2 -0.3 -6E-3 -1E-4 -2E-3 -0.1 -0.6 -0.6 -0.6 -0.5 -1.4 -3.0 -2.8 -6.2 -12.7 -5.1

-19.7 -2E-4 -8E-9 -4E-10 -2E-6 -2E-10 -2E-10 -3E-10 -6E-9 -4E-3 -0.4 -6.0 -30.6 -53.2 -72.8 -85.9 -64.4

-8E-4 -0.1 -0.3 -0.2 -5E-3 -2E-2 -0.3 -7E-2 -0.2 -1.7 -1.8 -7E-2 -4.8 -3.4 -3.0 -0.6 -5.1

-2E-2 -8E-2 -9E-2 -9E-2 -2E-2 -2E-11 -2E-2 -1.0 -0.3 -0.3 -1.7 -5.3 -0.1 -4.0 -3.2 -3.4 -2.7

-4E-3 -2.4 -0.2 -0.8 -5E-2 -2.2 -0.3 -2E-2 -5E-2 -0.2 -0.9 -1.7 -9.2 -6.0 -11.5 -11.9 -4.7

-0.1 -0.4 -0.2 -0.2 -0.3 -0.2 -9E-2 -1.5 -0.8 -8E-2 -2.1 -2.4 -0.8 -5.9 -1.2 -1.7 -4.3

-6E-2 -1.5 -0.3 -1.0 -5E-2 -3.4 -0.2 -8E-3 -1E-2 -0.4 -0.2 -1.4 -3.6 -3.5 -5.3 -8.8 -3.0

-2.3 -0.6 -0.3 -0.5 -0.2 -0.2 -4E-2 -1.0 -0.5 -0.2 -1.7 -1.6 -1.3 -1.6 -4.6 -4.2 -6.9

-2E-4 -2E-2 -0.3 -3E-2 -0.3 -0.1 -5E-3 -2.4 -0.7 -3.9 -2.6 -3.4 -2.4 -2.2 -2.5 -0.9 -1.1

-31.8 -2E-2 -2E-3 -8E-6 -3E-6 -1E-9 -3E-9 -1E-7 -3E-6 -5E-2 -1.1 -3.9 -23.2 -33.4 -34.2 -39.2 -29.6

-2E-2 -3E-2 -0.4 -3E-2 -3.9 -0.3 -0.3 -1.5 -9E-2 -0.8 -0.3 -0.8 -0.8 -4.1 -3.6 -3.5 -1.2

-1E-2 -0.5 -5E-2 -1E-2 -1E-2 -5E-2 -1E-2 -1.3 -3.1 -5.6 -4.9 -3.1 -0.6 -0.5 -3.2 -0.9 -0.7

-2E-3 -0.2 -3.1 -2E-2 -2.9 -2E-2 -5E-2 -6.1 -1.2 -0.7 -1.2 -3.2 -9.6 -3.2 -2.9 -2.8 -0.8

-9E-2 -7E-2 -1.5 -0.2 -6E-2 -3E-2 -0.7 -1.4 -6.9 -1.1 -5.5 -3.9 -0.9 -0.5 -0.9 -0.9 -0.1

-2E-3 -4.9 -3.1 -0.5 -2.5 -0.9 -0.3 -0.4 -0.5 -0.4 -2.6 -2.1 -12.8 -4.8 -5.2 -1.0 -1.0

-0.4 -1.7 -1.8 -1.0 -0.9 -0.2 -1.4 -1.0 -0.6 -0.5 -3.9 -3.7 -0.7 -2.8 -0.4 -1.9 -0.3

-0.2 -3.2 -1.0 -2.1 -5E-3 -0.3 -0.9 -2.0 -0.3 -2.0 -1.2 -0.4 -2.2 -2.1 -1.9 -0.9 -2.3

-0.9 -1.3 -0.5 -3.4 -0.4 -0.6 -1.1 -0.6 -0.2 -1.8 -1.9 -8E-2 -0.5 -3E-2 -8E-2 -2.5 -0.8
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Figure S1.  Pilot ICeChIP experiment using qPCR, related to Figure 1 Schematic of 
the ICeChIP internal standard approach applied to ChIP with qPCR readout probed with 
primer sets for the HOXA9, GAPDH and two heterochromatin regions.  Briefly, the 
mean IP efficiency of the of internal standards spiked into the native ChIP experiment is 
taken to represent maximal modification so that the ratio of IP efficiencies at a genomic 
locus versus the internal standard, converted to a percentage is used to compute 
H3K4me3 modification density over the span of amplicons. 
 
Figure S2. Preparation of barcoded semisynthetic nucleosomes, related to Figure 
2 (A) Characterization of the 2-mercaptopropionamide peptide thioester by analytical 
HPLC (middle panel) and MALDI-TOF+ in reflector mode (right panel) of the purified 
product.  (B) Characterization of the ∆N A21C recombinant H3(21-135) fragment by 
analytical HPLC (middle panel) and ESI MS (right panel) of the purified product. (C) 
Characterization of the H3K4me3 A21C species after the native chemical ligation by 
analytical HPLC (middle panel) and ESI MS (right panel) of the purified product. (D) 
Characterization of semisynthetic H3K4me3 after radical initiated desulfurization by 
Fourier transform (FT) of the average mass to charge ion envelope of the ESI+ MS of 
the purified product reveals approximate average mass with an oxidation, most likely a 
DTT-reversible adduct to methionine, as a minor impurity. (E) Chromatogram of the 
octamer purification on a gel filtration column (Superdex 200 10/300GL), with 
Coomassie stained SDS-PAGE of the octamer and proximal fractions. (F) Gel analysis 
of the set of barcoded constructs selected for consistent single-species amplification 
was observed. (G) Product melt curve and (H) plot of quantitative PCR (qPCR) data via 
SYBR-green fluorescence of a dilution series for each of the library members 
quantitatively demonstrating even 2-fold amplification per PCR cycle in triplicate.  The 
linearity of fits to these curves (expressed as R2 for the linear regression) and calculated 
per-cycle amplification efficiencies are given in the accompanying table. Figure 1G is 
based on the end-product melting of these barcoded constructs. (I) A mixture of 
barcoded nucleosome positioning sequences, where each barcode was added in 
relative amount ranging between 1 to 100000 with 10 fold increment between barcodes 
was used to prepare an Illumina sequencing library and subjected to SE50 sequencing. 
The same mixture was used in a single tube to prepare a ladder of H3K4me3 
semisynthetic nucleosomes, which upon purification was then subjected to DNA 
isolation, Illumina library preparation, and sequencing.  In this experiment, we also 
confirm that the Illumina 2500 HiSeq sequencing platform has at least 5 orders of 
magnitude of linear range. 
 
Figure S3. Histone Modification Density of mouse and human HOXA gene cluster, 
related to Figure 3 Immunocytochemistry staining of mESCs (E14 cell line) with 
canonical markers of ES cells for (A) Oct4, (B) Sox2, and (C) Nanog, white scale bar is 



50 µm. (D) Schematic representation of in nucleo digestion and hydroxyapatite 
chromatography. (E) In nucleo digestion was optimized to yield 95% pure 
mononucleosomes, where 80% of total chromatin is in soluble fraction. Purified DNA 
resolved with 2% agarose gel electrophoresis stained with ethidium bromide, M is NEB 
2-log DNA ladder. (F) Nucleosomes were quantitatively recovered from HAP 
chromatography column. Purified DNA resolved with 2% agarose gel electrophoresis 
stained with ethidium bromide, M is NEB 2-log DNA Ladder. (G) Representative purity 
of HAP purified nucleosomes used in ICeChIP resolved by SDS-PAGE then stained 
with SYPRO Ruby. (H) No significant difference in recovery from HAP was observed 
between euchromatin and heterochromatin loci. Measured with SYBR qPCR with primer 
set HOXA9 for euchromatin and primer set for a heterochromatin region of human 
chromosome 8, 26.6 kb downstream 3' flanking region of the myc gene. Error bars are 
95%CI. (I) The addition of H3K4me3 internal standard ladder representing ~0.0001% of 
the total chromatin input is indistinguishable from the corresponding undoped “classical” 
ChIP-qPCR experiment. A comparison of H3K4me3 enrichment in ChIP-qPCR for 
spiked and non-spiked samples performed in triplicate with three technical replicates is 
presented ±95%CI. 
 
Figure S4. A Critical examination of ICeChIP, related to Figure 4 (A) The relative 
abundance of barcode tags normalized to the most abundant ladder member measured 
in IP and input from HEK293 H3K4me3 ICeChIP-seq. (B, C) The relative abundance of 
barcode tags normalized to the most abundant ladder member measured in IP and 
input from E14 ICeChIP-seq, samples 1 and 2, respectively. (D) The observed 
abundance of each barcode closely followed expected value, except for barcode 601-
A1, which displayed nearly equivalent IP enrichment, but repeatedly failed to amplify 
and is removed from all other analyses. (E) Oligonucleosome bias for binned mean 
HMD averaged over peaks does not show significant difference between bins. 
Measured with H3K4me3 (AM39159) ICeChIP-seq. The box represents 25th to 75th 
percentile, whiskers represent 5th to 95th percentile, horizontal line indicates the median, 
and a small blue square indicates the mean. (F) ICeChIP-seq compared to ddPCR and 
qPCR: the dark green line represents uncorrected H3K4me3 Histone Modification 
Density (HMD) ± 95%CI (light green) in the mESC E14 cell line as a function of 
chromosomal coordinate for three additional 600bp windows. signal was averaged over 
25bp non-overlapping bins. Blue and red bars represent H3K4me3 measured by 
ddPCR and qPCR respectively on the same HMD scale (error bars are 95%CI), 
positioned over the indicated amplicon. (G) The same six 600 bp windows of the 
genome as Figure 4B and S4F, but with mononucleosome only derived data (correcting 
for oligonucleosome avidity bias).  
 



Figure S5. The reproducibility and robustness of ICeChIP, related to Figure 5  (A) 
Frequency plot of the two replicates over MACS2-called peaks (p<10-20) on the two 
biological replicates (S1 and S2) of ICeChIP-seq from E14 cells. This analysis suggests 
a systematic variation between sample 1 and 2 to be a modest 14.7% on average. (B) 
Amount of IP recovery of H3K4me3 (AM39159) pull-down has changed linearly with 
increasing amount of input (0.625-10 µg). IP recovery was measured with increasing 
amounts of radiolabeled native nucleosomes as input and amount of total IP elution was 
measured by scintillation counting. Error bars are 95%CI.  (C) Enrichment of H3K4me3 
pull-down is independent of input in the examined range (0.625-10 µg, 2 fold 
concentration series) as measured by qPCR with primer sets for hGAPDH (green, 
euchromatin), a synthetic DNA sequence common to the H3K4me3 ladder 
nucleosomes doped into the native pool of nucleosomes (orange), and gamma satellite 
repeat 2 (grey, heterochromatin), IP enrichment is calculated as percent of loaded input.  
This is the raw data used to compute figure 5D.  (D) Plot of HMD with a HOXA9 primer 
set computed from ICeChIP-qPCR for a variety of experimental conditions.  Note the 
ladder IP-enrichment is highly variable, whereas the HMD measurement is relatively 
constant. (E) Comparison of two H3K27me3-directed ICeChIP experiments from 
Drosophila S2 cells, staged from the same input but with great variation in IP and 
washes.  Sample 1 data was generated using our standard ICeChIP conditions (15 
minute incubation of resin-Ab conjugate with input, followed by five washes over 50 
minutes) whereas the Sample 2 IP was performed with a shorter incubation and flow 
washes of the resin with the same volumes applied over the span of one minute. Each 
data point corresponds to mean H3K27me3 averaged over 3000bp non-overlapping 
window (N=41158); windows with insufficient input depth were excluded from analysis 
(cut-off>5). Leftmost panel was performed in technical triplicate for each protocol 
(independent IPs and measurements). (F) The superposition of HMD derived for two 
abovementioned protocols (blue and red) of the H3K27me3 ICeChIP-seq in S2 
Drosophila melanogaster cell line displayed at the Antennapedia complex. Raw tag 
count for input and each IP is shown below, each track was measured in triplicate.   
Error is 95%CI. Signal was averaged over 25bp non-overlapping bins. 
 
Figure S6. ICeChIP with multiple internal standards, related to Figure 6 (A) Second 
generation barcoded DNA templates—designed to be largely MNase resistant—were 
reconstituted into H3K4me3 nucleosomes, doped into a mESC native chromatin, prior 
to or after MNase digestion, and subjected to ChIP with H3K4me3 antibody (AM39159).  
The recovered DNA was subjected to qPCR and each barcode compared in the input 
and IP under the two conditions. From this set, we composed nine ladders (8 members 
each), and discarded the subset of sequences that behaved poorly in ChIP or were 
especially susceptible to MNase digestion. (B) Calculation of IP-enrichment in multi-
standard ICeChIP experiments from mESCs presented as raw ladder read counts in the 



IP versus input for the on-target mark, as well as the highest off-target background 
ladders for H3K4me3 (Active Motif AM39159), (C) H3K9me3 (M309M3-A (Hattori et al., 
2013)), (D) H3K27me3 (Millipore 07-449), (E) H3K36me3 (Abcam AB9050), (F) 
H3K79me2 (Abcam AB3594). (G) qPCR analysis of loci implicated as strongly enriched 
for one or more of these marks from multi-standard ICeChIPs from mESCs.  Note the 
massive inflation of apparent HMD at nearly all loci that results from off-target and non-
specific binding by the H3K36me3 and H3K79me2 antibodies as compared to physically 
plausible values for the other three antibodies - converging arrows in Figure 6D denote 
qPCR amplicon.  (H) Chromatin input titration for a small scale ICeChIP experiment as 
presented in Figure 6A. The method works well down to the chromatin equivalent of 400 
cells. (I) Overlaid ICeChIP tracks demonstrating the comparative power of using the 
same % HMD scale, as well as the danger of poor antibodies inflating these values (for 
H3K36me3 and H3K79me2); The HMD peaks are not corrected for off-target 
recognition as they are in Figure 6C-D. Tracks represent 1bp non-overlapping bins.   
 
Figure S7. ICeChIP affords insight histone mark distributions and function, 
related to Figure 7 (A) Generic biological processes GO slim enrichment analysis of 
mESC E14 cell line shows enrichment and depletion of genes classes correlated with 
certain H3K4me3 HMD and H3K27me3 HMD abundances.  Enrichment analysis was 
performed on equal-sized fractions of H3K4me3 HMD averaged over 400bp 
downstream TSS and H3K27me3 averaged over gene bodies, Go terms were sorted by 
H3K27me3 HMD enrichment. Numbers in each cell are log10 of p-value. GO terms that 
are developmental processes are highlighted in purple. Go slim categories were 
developed by GO Consortium (Ashburner et al., 2000). Correlation between H3K4me3 
HMD <400bp downstream TSS>, H3K27me3 HMD <400bp downstream TSS> and 
RPKM for all genes presented in Figure F7C belonging to cell fate commitment (B), and 
mRNA processing (C). (D) Heatmaps of H3K27me3 HMD and input depth calculated for 
3000bp around mappable TSS (N = 16319, where input depth ≥ 5) of Drosophila 
melanogaster S2 cell line. Plot on the left shows average H3K27me3 HMD over gene 
bodies, tracks were sorted by H3K27me3 HMD. To the right of heatmaps is generic 
biological processes GO slim enrichment analysis of classes correlated with H3K27me3 
HMD abundances.  Enrichment analysis was performed on equal-sized fractions of 
H3K27me3 averaged over gene bodies; GO terms were sorted by H3K27me3 HMD 
enrichment in the highest H3K27me3 HMD abundance class. Numbers in each cell are 
log10 of p-value. GO terms that are developmental processes are highlighted in purple. 
GO slim categories were developed by GO Consortium (Ashburner et al., 2000). The 
black trend line is a moving average window over 10 genes; genes are sorted by gene 
expression. (E) Heatmap of RNA-seq from E14 mESCs (Xiao et al., 2012) as a function 
of the mean H3K4me3 HMD averaged over TSS ± 200bp for the corresponding genes. 
(F) Heatmap of gene expression of the mESCs E14 cell line using expression data from 



(Xu et al., 2011) as the function of the mean H3K4me3 HMD averaged over TSS ± 
200bp, reveals very similar distribution to Figure S7F.  (G) Binned average gene 
expression RPKM ± SEM for mESC E14 cell line using Xu et al. expression dataset as 
the function of binned mean H3K4me3 HMD averaged over TSS ± 200bp. (H) Heatmap 
of length of MACS peak (p < 1e-20) as the function of mean H3K4me3 HMD averaged 
over MACS peak performed for mESC E14 cell line. 
 

SUPPLEMENTAL EXPERIMENTAL PROCEDURES  

Semi-synthetic Histone Preparation 
Human histone H3.2(C110A)K4me3 was made by semi-synthesis (He et al., 2003; 
Ruthenburg et al., 2011; Shogren-Knaak et al., 2003), but distinct in one critical 
respect—the ligation junction is scarless following a desulfurization step (Chiang et al., 
2009; Wan and Danishefsky, 2007)—the resulting histone is identical to the native 
modified histone save for the C110A mutation that is frequently made to ease of 
handling in recombinant histone. The sequence corresponding to residues 1-20 of 
histone 3, bearing the K4me3 modification was synthesized as peptide thioester by Boc-
chemistry SPPS on S-trityl-β-mercaptopronionyl-p-methyl-benzhydrylamine resin (Nova 
Biochem) (Alewood et al., 1997). Resin was swelled for 1 hour with DMF and 
subsequently deprotected by washing it three times for three minutes with 95% TFA, 
2.5% triisopropylsilane, and 2.5% H2O. All amino acid couplings were performed with 4 
molar equivalents of Boc-protected amino acid, 3.9 molar equivalents of HBTU and 6 
molar equivalents of DIPEA incubated with resin for 10 minutes under nitrogen 
agitation. Following coupling, the resin was washed three times with DMF (with 
exception of glutamine where DCM was used instead), and Boc deprotection effected 
with three washes of TFA, where the first one is a flow wash. After last amino acid 
deprotection, the resin was washed sequentially with DMF, DCM and methanol.  HF 
cleavage, ether precipitation, and lyophilization was performed at Midwest bio-tech 
(Fishers, IN).  

Boc-Lys(me3)-OH was prepared by treating Boc-Lys-OH with 16 molar equivalents 
of methyl Iodide in 250 molar equivalents of methanol in the presence of 10 molar 
equivalents of KHCO3 at the room temperature for 72 hrs under constant stirring (Chen 
and Benoiton, 1976). The solid residue was removed by filtration over Whatman filter 
paper and the liquid phase was evaporated on a rotary film evaporator.  The crude 
mixture was resuspended in 50 mL of water and was slowly acidified to pH 1.0 with 4M 
aqueous HCl. This material was degassed and the desired product was purified from 
residual starting material and methyl ester byproduct by preparative HPLC (column 
YMC C18 pro pack, 150 mm x 20 mm, 5 µm, 12 nm). 



Truncated histone H3.2∆20 (C110A) was expressed recombinantly with His6-tag at 
N-terminus and a TEV protease cleavage site (ENLYFQ^C) inserted after position 
H3.2L20, replacing A21, so that upon TEV protease cleavage, an N-terminal cysteine is 
released (Supplementary Figure 2B).  The C-terminal peptidyl thioester described 
above was ligated to the recombinant histone H3.2∆20-A21C fragment through native 
chemical ligation (Dawson et al., 1994), using MPAA (4-mercaptophenlacetic acid) as a 
ligation catalyst (Johnson and Kent, 2006). Briefly, equimolar amounts of peptidyl 3-
mercaptopropionamide thioester and truncated histone were mixed at 2mM final 
concentration in NCL buffer (6M Guanidinium chloride, 200 mM phosphate pH 7.0) in 
the presence of 30 mM MPAA and 20 mM TCEP. The pH was adjusted to 7.0-7.2 and 
the reaction was incubated for 12-16 hrs at room temperature. Subsequently, the 
completion of reaction was validated with MALDI-TOF MS and product was purified by 
semipreparative HPLC (column YMC pack C8, 250 mm*10 mm, 5 µm, 30 nm). The 
native alanine at position 21 was restored by radical-mediated desulfurization of 
cysteine (Chiang et al., 2009; Wan and Danishefsky, 2007). Briefly, to 2-10 mg of the 
fully ligated H3 is added 300 µl of NCL buffer (6M GdmCl, 200 mM sodium phosphate 
pH 7), 300 ul of 0.5 M TCEP in NCL buffer (pH adjusted to 7), 20 µl 10% β-me (v/v in 
NCL buffer), and 20 µl of 200 mM VA-044 in MilliQ. The resulting solution is shaked at 
45°C in a thermoshaker for 40 minutes and then subjected to HPLC purification. The 
amount of β-me and reaction temperature is very important. Temperature above 50°C 
leads to side reactions. Excess of β-me or reaction temperature below 42°C lead to 
incomplete reaction. The completion of reaction was validated by ESI MS. The masses 
of histones are determined on a LTQ-FT mass spectrometer (Thermo Scientific) with a 
short analytical HPLC run before the mass-spectrometry. 20 µl of filtered histone 
solution in milliQ water with concentration around 0.1 mg/ml is injected on the analytical 
HPLC column (Agilent, poroshell 120 SB-C18 2.7 µm) each time. The method runs at 
0.5 ml/min with the gradient ramping from 5% B to 100 % B in 10 min (buffer A, 0.1% 
formic acid in water; buffer B, 0.1% formic acid, 90% ACN in water). After 
desulfurization, histones were purified by semipreparative HPLC (YMC pack C8, 250 
mm*10 mm, 5 µm, 30 nm) and subsequently lyophilized.  

All the intermediates and products are characterized by analytical HPLC and MALDI-
TOF or ESI-MS (Figure 2 and Figure S2). The theoretical masses are calculated using 
UCSF protein prospector (http://prospector.ucsf.edu/prospector/mshome.htm).  For the 
final desulfurized H3K4me3 (C110A), the theoretical monoisotopic mass is 15258.548 
Da and the observed monoisotopic mass is 15258.586 Da (calculated from the z = 22 
ion): identical within 0.038Da (2.5 ppm), Figure 2D displays the average charge 
envelope of a direct infusion experiment, with the mass computed from the 
monoisotopic mass of z=22 charge state (grey inset). This product is >97.5% pure by 
HPLC (Figure 2C-D).  H3K36me3 histone was prepared as in (Chen et al., 2014).  



Cell Culture 
HEK293 cells were grown in 37°C, 5% CO2, 95% humidity in high glucose DMEM 
(Invitrogen) supplemented with 10% (v/v) HyClone FBS Characterized U.S. and 1X 
Penicillin/Streptomycin (Gibco). HEK293 cultures were grown in 15 cm polystyrene 
dishes, passaged 1:20 every 5 days, Cells used in ChIP experiments were harvested 
when 80-90% confluent with media changed at least 3 hours prior harvesting. 

Mouse Embryonic Stem Cells (mESC) E14 cell line (129/Ola background) (Hooper 
et al., 1987) were grown at 37°C, 5% CO2, 95% humidity in ES media high glucose 
DMEM (Invitrogen) supplemented with 15% (v/v) FBS (Gibco), 2mM L-glutamine 
(Gibco), 1% (v/v) non-essential amino acids (Gibco), 1X Penicillin/Streptomycin (Gibco), 
0.1 mM  2-mercaptoethanol (Gibco), 1000U/mL LIF (ESG1107, Millipore), 3 µM 
CHIR99021 (04-0004, Stemgent), 1 µM PD0325901 (04-0006, Stemgent), sterile filtered 
0.1 µm membrane, stored in 4°C for up to 1 week. E14 cells were cultured on dishes 
coated with 0.1% gelatin (Sigma) without feeder cells, and passaged daily in 1:3 ratio 
(media was changed 3 hours prior passage). Cells were harvested at 80-90% 
confluence, with media changed at least 3 hours prior.  

The stem-cell state of the E14 cells was verified by immunofluorescent staining for 
classical markers of pluripotency Oct4, Sox2, Nanog (Figure S2E-G). Immunostaining of 
mESCs was performed as follows: E14 mESCs were grown on acid-washed glass 
coverslips coated with 0.1% gelatin in the ES media. Before fixation, cells were washed 
with PBS. Cells were fixed by 10 minute incubation with 0.4% freshly cracked 
formaldehyde in PBS at room temperature. If not stated differently, all subsequent 
washes, were done by three subsequent 5 minutes incubations in PBS. Fixed cells were 
washed and subsequently cell membranes were permeabilized via 100% methanol -
20°C incubation for 10 minutes, then rinsed with PBS for 5 minutes. After blocking with 
blocking buffer (1x PBS, 0.3% Triton X-100, 10% Normal Donkey Serum) for 30 min, 
cells were stained by 1 hr incubation with primary antibody diluted in binding buffer (1% 
BSA, 1XPBS, 0.3% Triton X-100). The following primary antibody dilutions were used: 
1:200 Rabbit α-Nanog (ab80892), 1:500 Rabbit α-Sox2 (ab97959), 1:250 Rabbit α-Oct4 
(ab19857). Cells were washed and incubated for 1 hr in darkness with secondary 
antibody 1:2000 Alexafluor 488 donkey α-rabbit IgG (Invitrogen A21206) diluted in 
binding buffer. Cells were washed, mounted on glass slide and imaged with confocal 
microscope.  

 

Octamer and Nucleosome Reconstitution 
Octamers were prepared on 250-500 µg scale as previously described (Dyer et al., 
2003; Luger et al., 1999), using human histones expressed in E. coli (Ruthenburg et al., 
2011). Briefly, equimolar core histones were mixed in unfolding buffer (50 mM Tris-HCl 
pH 8, 6.3 M Guanidine-HCl, 10 mM 2-mercaptoethanol, 4 mM EDTA) to final 



concentration of total histone ≥ 1 mg/mL, and dialyzed against two changes of 500 
volumes of refolding buffer (20 mM Tris-HCl pH 7.8, 2M NaCl, 1mM EDTA, 5 mM DTT) 
over 16 hours in 3500 MWCO SnakeSkin dialysis tubing (Pierce) at 4°C. The soluble 
fraction of crude octamer was subjected to gel filtration chromatography (Superdex 200 
10/300 GL, GE Healthcare) resolved in refolding buffer. Fractions containing pure 
octamer were pooled and concentrated with Amicon Ultra-4 centrifugal filters 
(10k MWCO, Millipore) to a final concentration of 5-15 µM (measured spectroscopically, 
ε280nm=44700 M-1cm-1, blanked with concentrator flow-through).  

DNA for nucleosome reconstitution is based on 601 nucleosome positioning 
sequence (Lowary and Widom, 1998). To each end of 601 sequence we have 
appended 22 bp barcode sequences-- each composed of two catenated 11 bp 
“unwords”, sequences absent in human and mouse genome (Herold et al., 2008), 
flanked by constant 6 bp of linker DNA (see Figure 2F and Table S1).  To preclude 
potential misalignment of our 22-mer barcodes, we computationally filtered potential 
sequences to exclude candidates that had fewer than two mismatches or indels relative 
to the assembled mouse or human genomes (Table S1). We thereby ensure that even 
poor quality reads from our library are not likely to be inappropriately aligned to the 
genome, and vice-versa. We have created a range of barcoded nucleosome positioning 
sequences with thus construction, and from this set we have selected sequences which 
when amplified by PCR yield a single product and amplify with an efficiency equal to 2. 
The barcode sequences are longer than necessary for specific recognition by 
sequencing because they were designed to also work well in qPCR and ddPCR.  
Assessment of a single amplified species was made by running 100 ng of PCR product 
on 6% native PAGE in 1xTBE(89 mM tris-base, 89 mM boric acid, 2 mM EDTA) with 
post-staining in 1x SYBR® Gold (Invitrogen™). Amplification efficiency was measured 
by running qPCR reaction with SYBR green chemistry for serially diluted barcoded 
nucleosome positioning sequences template. Amplification efficiency was calculated 
from the slope of Ct([template]) with the following equation  𝜂 = 𝐷𝐹 !!/!"#$% , where DF is 
dilution factor for serial dilution. 

Nucleosomes were reconstituted by mixing equimolar histone octamer and DNA to 
final concentrations of 1 µM and dialyzing this solution in dialysis buttons (Hampton 
Research) against a non-linear gradient starting with 2M NaCl and ending at 200 mM 
NaCl over the course of 12-16 hours in a buffer containing 20 mM Tris-HCl pH 7.5, 1 
mM EDTA, 10 mM 2-mercaptoetanol (Ruthenburg et al., 2011). Subsequent to dialysis, 
semi-synthetic nucleosomes were diluted 1:1 with 2x storage buffer (20mM 
Na•Cacodylate pH 7.5, 10% v/v glycerol, 1mM EDTA, 1X RL Protease Inhibitor Cocktail 
[1 mM PMSF, 1mM ABESF, 0.8 µM aprotinin, 20 µM leupeptin, 15 µM pepstatin A, 40 
µM bestatin, 15 µM E-64], 200 µM PMSF) and kept at 4°C. The concentration of 
nucleosomes was measured in triplicate by stripping DNA with 2M NaCl and measuring 
concentration of DNA by densitometry of ethidium bromide-stained agarose gels 



calibrated in situ with the Thermo Scientific MassRuler Low Range DNA Ladder.  As we 
reconstitute the internal standard nucleosome ladder from modified histone octamer and 
a concentration series of different barcoded DNAs in a single tube, we sought examine 
whether there was any over- or under-representation of the barcoded nucleosomes 
relative to their corresponding DNA species. Illumina sequencing of free DNA versus 
nucleosome ladder revealed that our ladder reconstitutions accurately reflect the 
relative concentrations of DNA onto which they are reconstituted (Figure S2I). The 
dynamic range of sequencing is much larger than it is necessary for ICeChIP-seq, 
hence we do not consider it a limiting factor for our experiments.  Working 
concentrations of semi-synthetic nucleosomes were prepared by dilution to the desired 
concentrations in long-term storage buffer (10 mM Na•Cacodylate pH 7.5, 100 mM 
NaCl, 50% Glycerol, 1 mM EDTA, 1X RL Protease Inhibitor Cocktail, 200 µM PMSF) 
and stored at -20°C. 

ICeChIP 
Our ICeChIP protocol is based on input preparation largely following the Dilworth lab 
native ChIP protocol (Brand et al., 2008). Plate-adhered cells  (~107 cells) were washed 
twice with 10 mL of PBS, and released by 5 mL Accutase (Millipore) for 5 minutes in 
37°C, quenched with 2 mL of complete media, and collected by centrifugation (500 x g, 
for 5 minutes at 4°C). All subsequent steps were performed on ice with ice-cold buffers. 
Cells were washed twice with 10 mL PBS, and twice with 5 mL of Buffer N (15 mM Tris 
pH 7.5, 15 mM NaCl, 60 mM KCl, 8.5% (w/v) Sucrose, 5 mM MgCl2, 1 mM CaCl2 1 mM 
DTT, 200 µM PMSF, 1x RL Protease Inhibitor Cocktail). Cells were resuspended in 2 
PCVs (packed cell volumes) of Buffer N and lysed by adding 2 PCV of 2x Lysis Buffer 
(Buffer N supplemented with 0.6% NP-40 substitute (Sigma)) for 10 minutes at 4°C. 
Nuclei were collected by centrifugation (500 x g for 5 minutes at 4°C) and were 
resuspended in 6 PCVs of Buffer N. To remove cell debris, resuspended nuclei were 
overlaid on the surface of 7.5 mL of sucrose cushion (10 mM HEPES pH 7.9, 30%(w/v) 
sucrose, 1.5 mM MgCl2) in a 50 mL centrifuge tube centrifuged (1300 x g, Sorvall 
Legend XTR swinging bucket rotor for 12 minutes at 4°C). Most cell debris remained in 
upper layer while nuclei sedimented through the sucrose cushion and pelleted on the 
bottom of the tube.  The supernatant was discarded and nuclei were resuspended in 2 
PCVs of Buffer N. To measure apparent concentration of chromatin, 2 µL of 
resuspended nuclei were diluted in 98 µL of 2M NaCl in triplicate, total nucleic acid 
absorbance was measured at 260 nm by Nanodrop (Thermo Scientific), and the 
conversion factor assuming 1A260 = 50 ng/µL of chromatin employed. Based on these 
measurements, apparent concentration of chromatin was adjusted to 1 µg/µL with 
Buffer N. The quantity and quality of nuclei were also assessed using hemocytometer. 

Following exhaustive MNase digests we experimented with sucrose gradient 
fractionation (O'Neill and Turner, 2003) and hydroxyapatite chromatography (Brand et 



al., 2008) (Figure S3A-C), and found that the latter affords better recovery of native 
mononucleosomes with superior purity, at the expense of discrimination against di-
nucleosomes.  Paired-end sequencing circumvents this avidity bias, as one can simply 
exclude fragments larger than 220 bp from the analysis.  This number was chosen to be 
significantly larger than the average human and mouse nucleosome repeat lengths (van 
Holde, 2011; Widom, 1992). At this stage, a ladder of semisynthetic nucleosomes was 
doped into the pool of native nucleosomes.  The amount of spiked ladder was 
comparable to estimated amount of genome copies in the pool based on the nuclei 
counting times the average DNA content per cell (~2.5 copies of genome per cell).   

To remove debris coming from nuclei lysis and MNase digestion as well as strip 
chromatin bound factors, the pool of nucleosomes was subjected to hydroxyapatite 
chromatography purification (Brand et al., 2008).  Fragmented chromatin with internal 
standard ladders were split into 100 µg total nucleic acid fractions and each fraction was 
mixed with 66 mg of hydroxyapatite (HAP) resin (Bio-Rad Macro-Prep® Ceramic 
Hydroxyapatite Type I 20 µm) rehydrated with 200 µL of HAP buffer 1(3.42 mM 
Na2HPO4 and 1.58 mM NaH2PO4 final pH 7.2, 600 mM NaCl, 1 mM EDTA, 200 µM 
PMSF), incubated for 10 minutes at 4°C on rotator and subsequently was applied to the 
centrifugal filter unit (Millipore Ultrafree MC–HV Centrifugal Filter 0.45 µm). The 
chromatin-loaded resin in the column was drained and then washed four times with 200 
µL HAP buffer 1 and four times with 200 µL of HAP buffer 2 (3.42 mM Na2HPO4 and 
1.58 mM NaH2PO4 final pH 7.2, 100 mM NaCl, 1 mM EDTA, 200 µM PMSF) by 
centrifugation (600 x g, 1 minute at 4°C in fixed angle rotor. Nucleosomes were eluted 
from the HAP column with three 100 µL washes of HAP elution buffer (342 mM 
Na2HPO4 and 158 mM NaH2PO4 final pH 7.2, 100 mM NaCl, 1 mM EDTA, 200 µM 
PMSF). To measure apparent concentration of HAP purified chromatin fragments, 10 µL 
of HAP elution was diluted in 40 µL of 2M NaCl in triplicate, and absorbance measured 
at 260 nm averaged and adjusted (1A260 = 50 ng/µL of chromatin). Apparent 
concentration of chromatin was adjusted to 20 µg/mL with ChIP Buffer 1(25 mM Tris pH 
7.5, 5 mM MgCl2, 100 mM KCl, 10% (v/v) glycerol, 0.1% (v/v) NP-40 substitute). 

H3K4me3 ChIP was performed with 10 µg of chromatin and 15 µL of AM39159 
antibody, H3 and H4 ChIP was performed with 1 µg of chromatin and 15 µL of 
AM61277 and AM61299 antibody, respectively (Active Motif). 10% of initial chromatin 
for each IP was set aside to serve as ChIP input. Each IP experiment used 50 µL of 
Protein A Dynabeads (Invitrogen) that were washed twice with 1mL of ChIP buffer 1 
with 1 min collection on magnetic rack after each wash. To prepare the resin, 15 µL of 
antibody and 85 µL of ChIP buffer 1 was added to Protein A Dynabeads and incubated 
for 10 minutes at room temperature on a rotator, then washed twice with 1mL of ChIP 
Buffer 1. Chromatin (10 µg unless otherwise indicated) in 500 µL of ChIP buffer 1 was 
then added to magnetic beads and incubated for 15 minutes at room temperature on 
rotator. Beads were washed 3 times with 1 mL of ChIP Buffer 2 (mM Tris pH 7.5, 5 mM 



MgCl2, 300 mM KCl, 10% (v/v) glycerol, 0.1% (v/v) NP-40 substitute), then twice with 
ChIP buffer 3 (10 mM Tris pH 7.5, 250 mM LiCl, 1mM EDTA, 0.5% Na•Deoxycholate, 
0.5%(v/v) NP-40 substitute), each wash consisting of a 10 minute rotating incubation 
and 1 minute collection on magnetic rack at 4ºC.  During the course of washing, at least 
two tube changes reduced non-specific background.  Beads were then rinsed with 1 mL 
of ChIP Buffer 1 and 1 mL of TE buffer, followed with two 200 µL ChIP elution buffer 
steps (50 mM Tris pH 7.5, 1 mM EDTA, 1% w/v SDS). Each elution step consisted of 10 
minute incubation at 65ºC in a Thermoshaker (Eppendorf) at 900 rpm. Elutions were 
combined and ChIP elution buffer was added to inputs to match volume of ChIP 
elutions. After adjusting the buffer to 200mM NaCl, 100 ng of RNase A was added into 
the mixture and incubated at 65ºC for 45 minutes in Thermoshaker at 800 rpm, and 
terminated with 10 mM EDTA. Next, protein digestion was accomplished with 20 ug of 
proteinase K (Roche) for 2 hrs at 42ºC in the Thermoshaker at 800 rpm. DNA was 
recovered and purified with Qiaquick columns (Qiagen): 6 volumes of PB buffer were 
added to the digestion and this solution applied to the column (17900 x g, 30s) followed 
by 3x 750 µL of PE buffer washes (17900 x g, 30s) with an extra 1 minute spin to 
remove residual ethanol. DNA was eluted by applying two times 25 µL of TE buffer at 
50ºC and centrifuging (17900 x g, 1 min). 

 

Illumina library preparation 
For library preparation 10 ng of DNA isolated from IP or input was used. In cases in 
which the total amount of DNA was below 10 ng, all available DNA was subjected to 
library preparation.  Ends of DNA were blunted using the End-it™DNA End-Repair Kit 
(Epicentre) (7µL 10x End-It buffer, 7µL 2.5 mM dNTP Mix, 7µL 10 mM ATP, 1.4µL of  
End-Repair Enzyme Mix and 47.6µL of DNA in TE buffer, incubated for 45 minutes at 
room temperature. DNA was purified with 126µL (1.8 volume) of Ampure XP Beads 
(Beckman Coulter). Beads were mixed with End repair mixture by pipetting 10 times up 
and down followed by 5 minutes incubation at room temperature. Magnetic beads were 
collected on side of the tube by magnet and two 30 sec 250 µL 80% EtOH washes on 
magnet were performed. Tubes were removed from the magnetic rack and 34 µL of TE 
buffer was added to beads and pipetted 10 times up and down. Magnetic beads were 
not removed from elution and remained in the tube during A-tailing. Addition of single 
adenosine to 3’ ends of DNA was accomplished by adding to 5 µL NEB buffer 2, 10 µL 
1 mM dATP, 1 µL Klenow fragment (3’→5’ exo-, NEB) to the End-repaired DNA, and 
with incubation at 37ºC for 30 minutes. To purify DNA, 110 µL (2.2 volume) of SPRI 
Buffer (20% PEG6000, 2.5M NaCl) was added to the reaction and was pipetted 10 
times up and down followed by 5 minutes incubation at room temperature. Magnetic 
beads were collected on side of the tube with magnet and two 30 sec 200 µL 80% EtOH 
washes on magnet were performed. Tubes were then taken out of magnetic rack and 
13 µL of TE buffer was added to beads and mixed by pipette. Magnetic beads were not 



removed from elution and remained in the tube during adaptor ligation. To ligate 
adaptors, the following mixture was prepared: 2x Quick DNA ligase buffer, 2 µL 2 µM of 
adaptor duplex, 1 µL of Quick DNA ligase (NEB) and added to 13 µL of A-tailed DNA. 
The reaction was incubated for 15 minutes at room temperature. To purify DNA, 21 µL 
(0.7 volume) of SPRI Buffer was added to the reaction and was pipetted 10 times up 
and down followed by 5 minutes incubation at room temperature. Magnetic beads were 
collected via magnet and washed twice with 30 sec 200 µL 80% EtOH incubations, and 
eluted with 46 µL of TE buffer. The supernatant was transferred to the new siliconized 
tube.  

Quantitative-PCR was run to estimate minimal number of PCR cycles to amplify 
DNA library. 7.15 µL of H2O, 1 µL of 10xAccuPrime PCR buffer II, 0.25 µL of 20 x 
EvaGreen®  dye (Biotum) to final 0.5x dilution, 1µL of DNA library, 0.2 µL of 25 µM 
MP_PCR_Primer1, 0.2 µL of 25 µM MP_PCR_Primer2, and 0.2 µL AccuPrime Taq 
DNA Polymerase (Invitrogen #12339-016). Bio-Rad CFX384 qPCR machine program 
was set to: 1- 95ºC for 5 min, 2- 95ºC for 80s, 3- 65ºC for 90s – read at the end, 4- go 
back to step 2 for 24 times. Based on the readings, cycle number to amplify library was 
set to Ct + 3 cycles. If the observed Ct value was below 7 cycles, the template was 
diluted 10 fold and procedure would be repeated. 

DNA library was amplified by mixing: 40 µL of DNA library, 5 µL 10xAccuPrime PCR 
buffer II, 1µL 25 µM MP_PCR_Primer1, 1 µL 25 µM MP_PCR_Primer2_INDEX, 1 µL 
AccuPrime Taq DNA Polymerase, and 2 µL of H2O, followed by thermal cycling in a 
C1000 (Bio-Rad).  The machine was set to: 1- 95ºC for 5min, 2- 95ºC for 80s, 3- 65ºC 
for 90s, 4- go back to step 2 for number of cycles determined with qPCR (Ct+3 cycles). 
Detailed primer information can be found in supplementary Table S2. Amplified DNA 
was purified with 90µL (1.8 volume) of Agencourt Ampure XP Beads. Beads were mixed 
with PCR mixture by pipetting 10 times up and down, followed by 5 minutes incubation 
at room temperature. Magnetic beads were collected on the side of the tube via magnet 
and two 30 s 250 µL 80% EtOH washes on magnet were performed. The tube was 
removed from the magnetic rack and 25 µL of TE buffer was added to beads and 
pipetted 10 times up and down. Magnetic beads were collected on the side of the tube 
and supernatant was moved to new siliconized tube. Size distribution and concentration 
of amplified library was assessed with Agilent Technologies 2100 Bioanalyzer. 

 

Sequencing and Data Analysis 
Cluster generation and sequencing was performed using the standard Illumina protocol 
for Illumina HiSeq 2500 by the University of Chicago Functional Genomics Core facility. 
Data analysis was performed with Galaxy (Blankenberg et al., 2010; Giardine et al., 
2005; Goecks et al., 2010). Raw reads in FastQ fromat were first submitted to FastQ 
Groomer. Reads were mapped with Bowtie2 (Langmead et al., 2009) (sensitive preset 



option, end-to-end alignment), depending on organism of origin, to human (hg19) or 
mouse (mm10) reference genomes with sequences of barcodes catenated at the end 
(each barcode with its own entry) (For barcoded nucleosome templates, see Table S1). 
Resulting SAM files were then filtered using SAMtools (Li et al., 2009). Reads that were 
unmapped, unpaired (distance >1000 bp) and paired in wrong pair were removed from 
the set by this data analysis pipeline. To remove noise coming from low quality reads 
and contaminants as well to mask repeatable genomic sequences, reads with mapping 
quality lower than 20 were removed. To avoid signal artifacts and not distort Poisson 
sampling statistics paired reads were merged together into single entries (overlapping 
fragments were flattened and gaps were filled). To avoid oligonucleosome avidity bias, 
reads longer than 220 bps were removed, except where explicitly stated otherwise. 
BEDTools (Quinlan and Hall, 2010) were used to create genome coverage bedgraphs. 
When indicated data was averaged over 25bp non-overlapping windows. 

In order to get high precision we have aimed to achieve IP coverage ranging 
between 1000 and 10 reads of depth and average depth of input to be at least ~20. 
However, the deeper input sequencing the better, as it is in most cases a limiting factor 
for precision.  In order to compute barcode IP enrichment, we calculated the ratio of 
integrated coverage over the whole sequence of each baracode in IP over the input, 
(Table S3). 

𝐵𝑎𝑟𝑐𝑜𝑑𝑒  𝐼𝑃  𝑒𝑛𝑟𝑖𝑐ℎ𝑚𝑒𝑛𝑡 =   
𝐼𝑃!

!

𝑖𝑛𝑝𝑢𝑡!
!

 

where, n is the length of barcoded construct, in this case it is 203 bp, IP and input 
represent integrated tag counts. 

To increase accuracy, we have averaged the barcode IP enrichment values for multiple 
barcodes. To calculate Histone Modification Density (HMD) we have applied the 
following equation to genome coverage information for IP and input:  

𝐻𝑀𝐷  (𝑝𝑒𝑟/𝑏𝑝) =
𝐼𝑃

𝑖𝑛𝑝𝑢𝑡 ∗ 100%

𝐵𝑎𝑟𝑐𝑜𝑑𝑒  𝐼𝑃  𝑒𝑛𝑟𝑖𝑐ℎ𝑚𝑒𝑛𝑡 

To estimate HMDs confidence intervals 95% we have applied following equation:  
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𝑖𝑛𝑝𝑢𝑡 ∗ 𝐵𝑎𝑟𝑐𝑜𝑑𝑒  𝐼𝑃  𝑒𝑛𝑟𝑖𝑐ℎ𝑚𝑒𝑛𝑡

!

+ −
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𝑖𝑛𝑝𝑢𝑡! ∗ 𝐵𝑎𝑟𝑐𝑜𝑑𝑒  𝐼𝑃  𝑒𝑛𝑟𝑖𝑐ℎ𝑚𝑒𝑛𝑡
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Here we assume that standard deviation of Barcode IP enrichment is negligible. To 
calculate total HMD content genome-wide (percent of all nucleosomes in all genomic 
loci bearing modification), HMD signal was integrated and subsequently divided by total 
number of bps for which we had genome coverage or alternatively by reported total 
genome size.  Figures of HMD/bp over selected genomic intervals were prepared using 



IGV (http://www.broadinstitute.org/igv), and gene structure is derived from the relevant 
Refseq annotation.  

Heatmaps and GO analysis were made using Homer software(Heinz et al., 2010). 

ICeChIP correction for off-target specificity 

For indicated datasets, ICeChIP-seq tracks were corrected for off-specificity by solving 
the following matrix equation: 𝐴 ∗ 𝑥 = 𝑏, 

where, x is a matrix of corrected HMD scores, A is a matrix of correction factors and b is 
a matrix of non-corrected HMD scores, 

𝐴 =
𝑡!! ⋯ 𝑡!!
⋮ ⋱ ⋮
𝑡!! … 𝑡!!

,𝑏 =
𝐻𝑀𝐷!! ⋯ 𝐻𝑀𝐷!!
⋮ ⋱ ⋮

𝐻𝑀𝐷!! ⋯ 𝐻𝑀𝐷!!
, 𝑥 =

𝐻𝑀𝐷(𝐶𝑜𝑟)!! ⋯ 𝐻𝑀𝐷(𝐶𝑜𝑟)!!
⋮ ⋱ ⋮

𝐻𝑀𝐷(𝐶𝑜𝑟)!! ⋯ 𝐻𝑀𝐷(𝐶𝑜𝑟)!!
 

where, t is correction factor for specificity toward histone marks from the set of ‘a’ to ‘z’ 
histone marks (subscript), in the immunoprecipitation using antibody toward a histone 
mark from the set of ‘a’ to ‘z’ histone marks (superscript); HMD is histone modification 
density for a given histone mark (‘a’ to ’z’) from the 1st to the nth locus; HMD(Cor) is 
corrected histone modification density for a given histone mark from the 1st to the nth 
locus, 

𝑡!! =

𝐼𝑃!!!
!
𝑖𝑛𝑝𝑢𝑡!!

!
𝐼𝑃!!!

!
𝑖𝑛𝑝𝑢𝑡!!

!

   

where, 𝐼𝑃!
!  and 𝑖𝑛𝑝𝑢𝑡!

!  refer to abundance of the given barcode in the IP or in the 
input, superscript refers to histone mark toward which antibody was raised, while 
subscript refers to mark on the semisynthetic nucleosome that was pulled-down.   

Whenever indicated the abovementioned correction was applied. H3K4me3, H3K9me3 
and H3K27me3 HMD were corrected using raw HMD for H3K4me3, H3K9me3 and 
H3K27me3 but not H3K36me3 and H3K79me2. H3K36me3 and H3K79me2 were 
excluded because it is apparent that the signal is not coming from accountable sources 
and hence cannot be correctly deconvoluted. An attempt was made to deconvolute 
H3K36me3 and H3K79me2 using all available tracks, but as mentioned above the 
signals for these two marks is convoluted with a noise of unknown to us source.  

 

ChIP with radiolabeled nucleosomes 
ChIP with radiolabeled nucleosomes was performed the same way as IceChIP with 
following differences: 1.) After Hydroxyapatite chromatography, digested fragments of 
chromatin were subjected to dialysis in Thermo Scientific SnakeSkin 10k MWCO to the 



T4 PNK buffer without Mg2+ (70 mM Tris pH 7.5, 50 mM NaCl, 5 mM DTT, 25 ug/mL 
NEB BSA, 200 uM PMSF, 1X RL Protease Inhibitor Cocktail). After 8 hours, the 
nucleosomes were recovered from dialysis tubing and MgCl2 was added to final 10 mM. 
Radiolabeling was performed as follows: 1 pmol of 5’ DNA ends, 10 µL 10x T4 PNK 
buffer, 1 µL γ-32P ATP (10 µCi/µL), 20 U of T4 PNK and H2O up to 100 µL was mixed 
and incubated for 1 hr in 37°C.  The same operation was done to radiolabel semi-
synthetic nucleosomes. Radiolabeled standard nucleosomes were subsequently doped 
into cold digested fragments of chromatin. Further steps were performed as in ICeChIP. 
A LS6000IC liquid scintillation counter (Beckman) with triplicate samples prepared in 4 
mL of Ecoscint A scintillation fluid (National Diagnostics) was used to readout amount of 
recovered radiolabeled chromatin and/or radiolabeled barcodes.  

 

Alternate modalities for calibrating ChIP with semisynthetic nucleosomes 
There are two alternate ways we could envision to calibrate ChIP: global histone 
modification density calibration using an external standard and direct internal standard 
calibration. Like the relative internal standard approach that was predominantly 
employed in this work, these two can yield results expressed in “histone modification 
density” units, which are equal to apparent ratio of probed epitope to all other epitopes 
available in the given locus.  

Global histone modification density calibration relies on a measurement of the total 
ratio of modification relative to the amount of histone, for example, knowing the 
percentage of all H3 that is K4 trimethylated.  This global histone modification density, 
derived from either mass spectrometry or quantitative western blot measurements can 
be then redistributed among all IP peaks corrected for input depth in any given locus.  
The drawback of this method is vulnerability to the errors in making the global 
abundance measurement (for example, MS accuracy plus the ambiguity of perhaps not 
observing all potential forms of the modification). We have tried using quantitative 
western blot for global histone modification density calibration, however this was 
problematic. Beside the fact that quantitative western blot still requires standards, it also 
suffers from very short linear range, low sensitivity, low saturation point and quantitative 
western blot seems to be sensitive to differences in complexity of sample and standard, 
perhaps due to differences in mass transport during binding and washing in these two 
instances, which results in a significant shifting standard error of the measurement. 
Such external measurements by orthogonal methodologies need to be made from the 
same nucleosomal sample used in the ChIP, and differential sample handling losses in 
both techniques are likely to be a considerable source of error.  

Direct internal standard calibration measures the tag count of a spiked-in barcoded 
nucleosome standard through the ChIP process, knowing the precise molar 
concentrations of each internal standard ladder member in the input to extrapolate 



absolute molar abundance of probed epitope in the original sample.  This sort of 
calibration is limited by the accuracy of counting the number of nuclei subjected to the 
micrococcal nuclease digest and biased loses that mount on the way from this well 
quantified number to exhaustively fragmented chromatin isolate.  As we recover little 
more than 80% of the total nucleic acid from digested nuclei under highly optimized 
digest and isolation conditions, this method would suffer from some systematic error 
due to biased genome recovery (Henikoff et al., 2009). Given the added experimental 
complexity and the additional sources of error endemic to direct calibration, we have 
chosen to avoid this approach, although in principle, it could work.  
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