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Figure S1. MALDI MS spectra of HP-4. (A) The molecular structure of HP-4. (B) Annotated MALDI MS spectra of HP-4. The peak at m/z 1123.2 was assigned to [M+3H+4NH4]+ and the other two most intense peaks at m/z 1139.2 and 1155.3 were designated to [M+H+6NH4]+ and [M+2H+2NH4+3Na]+, respectively. 
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Figure S2. MALDI MS spectra of A25K•ULMWH and the A25K sequence. The A25K/ULMWH unique peaks at m/z 1699.2 and 1776.0 were designated to hexasaccharide HP-6 (1622.2 Da, C38H51N3O53S710-) along with different coordination and adducts, i.e., [M+8H+3Na]+ and [M+4H+2NH4+5Na]+, respectively.
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Figure S3. Annotated MALDI‒TOF MS/MS spectrum of HP-6. (A) HP-6 oligosaccharide structure. (B) MALDI‒TOF MS/MS annotated spectrum of HP-6. The ions retained the charge at the reducing terminus are designated as X for cross-ring cleavages, and Y and Z for glycosidic bond cleavages (Green) while ions retained a charge at the non-reducing end are denoted as A for cross-ring cleavages, and B and C for glycosidic bond cleavages (Red).
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Figure S4. MALDI MS spectra of A34K•ULMWH and the A34K sequence. The A34K/ULMWH unique peaks at m/z 1975.0 and 2345.1 were assigned to octasaccharide HP-8 (2079.6 Da, C52H70N4O67S812-) along with different coordination and adducts, i.e., [M+9H+2Na-2SO3]+ and [M+H+2NH4+10Na]+, respectively. Note that the former one has two SO3- groups missing in association with IdoA2S close to reducing and non-reducing end of HP-8.
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Figure S5. 1D selective TOCSY NMR spectra of HP-4. The selective TOCSY experiments were conducted with selective excitation of H1 resonances of each saccharide, i.e., UA2S, GlcNAc, GlcNS6S and IdoA2S, as shown from top to bottom, were selectively irradiated, and the respective spectrum was acquired at mixing time of 20 ms (blue), 40 ms (red), 80 ms (green) and 160 ms (magenta), respectively. As indicated, while monitoring the magnetization transfer, the 1H chemical shift resonances were resolved for each saccharide of HP-4 accordingly. 
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Figure S6. 2D NMR analyses of HP-4. (A) 1H-1H COSY and (B) 1H-13C HMBC spectra of HP-4.
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Figure S7. Annotated MALDI‒TOF MS/MS spectra of HP-4. (A) Ions from glycosidic bond cleavages. (B) Cross-ring fragment ions from non-reducing terminus (A ions). (C) Cross-ring fragment ions from reducing terminus (X ions). In this annotation, the ions retained the charge at the reducing terminus are designated as X for cross-ring cleavages, and Y and Z for glycosidic bond cleavages while ions retained a charge at the non-reducing end are denoted as A for cross-ring cleavages, and B and C for glycosidic bond cleavages.


(A)
(B)

Figure S8. ESI-MS and ESI-MS/MS analysis of HP-4. (A) HP-4 was further examined by ESI-MS spectrometer. All peaks were assigned to HP-4 with sodium and ammonium coordination without any impurities. (B) By further tandem mass spectrometry analysis, the ESI-MS/MS spectrum displayed ion fragments resulting from glyosidic bond dissociation, and cross-ring cleavages, which are characteristic to confirm oligosaccharide sequence and structure. 
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Figure S9. 2D NMR HSQC analysis of PF4. 2D 1H/15N HSQC spectra of 15N-isotope labeled PF4 (0.2 mM) at pH 5.0. The spectrum was collected at 45C in an aqueous solution of 20 mM MES containing 20 mM NaCl. The assigned residues are indicated using single letter codes.



Figure S10. 13Cα chemical shift variation of T22K protein in the presence of HP-4. Variation in the 13Cα chemical shift variation due to the presence of HP-4 were determined by subtracting the 13Cα chemical shift in the presence of HP-4 from that of in the absence of HP-4. 











Table S1. 1H and 13C resonance assignments of the sulfated tetrasaccharide HP-4
	
	Chemical shift, ppm

	Residue
	H1/C1
	H2/C2
	H3/C3
	H4/C4
	H5/C5
	H6/C6
	N-Acetyl

	UA2S
	5.52/99.9
	4.61/77.8
	4.33/66.1
	6.00/109.1
	
	
	

	GlcNS6S
	5.35/100.0
	3.29/60.8
	3.68/72.7
	3.82/81.2
	4.01/72.1
	4.25, 4.36/69.4
	

	IdoA2S
	5.24/102.7
	4.35/78.2
	4.22/71.4
	4.08/78.9
	4.82/71.9
	
	

	GlcNAc
	5.44/94.2
	3.26/60.9
	3.74/72.5
	3.76/79.4
	4.15/71.2
	3.81, 3.87/62.9
	2.06/24.8






[bookmark: _GoBack]Table S2. Complete peak list of HP-4 examined by MALDI‒TOF MS/MS analysis.
	No.
	Molecular Formula
	Theoretical m/z
	Experimental m/z
	Annotation

	1
	C4 H8 O3
	104.0
	104.0
	2,4X0 (H)-NHAc

	2
	C3 H7 N1 O2 Na1
	112.0
	112.1
	1,4A2/Y3(Na)-SO3

	3
	C3 H6 O4 Na1
	129.0
	129.1
	3,5X3/C1(Na)-SO3

	4
	C2 H8 N1 O5 S1
	158.0
	158.1
	0,4A2 (NH4)

	5
	C2 H11 N2 O5 S1
	175.0
	175.1
	0,4A2 (2NH4)

	6
	C6 H11 O5 Na1
	186.1
	186.0
	Y1 (Na)-NHAc

	7
	C4 H7 O8 S1
	215.0
	215.1
	2,4X1/C3(H)

	8
	C4 H11 N1 O8 S1
	233.0
	232.1
	2,4X1/C3(NH4)

	9
	C6 H9 O9 S1
	257.0
	257.1
	C3/Z2 (H)

	10
	C6 H14 N1 O8 S1
	260.0
	260.1
	C2/Y3 (H)-SO3

	11
	C9 H15 N1 O7 Na1
	272.1
	272.1
	1,5X1 (Na)

	12
	C11 H16 N1 O8
	290.1
	290.1
	1,4A4/Z2(H)-SO3

	13
	C6 H10 O10 Na1 S1
	297.0
	297.1
	C1 (Na)

	14
	C6 H13 N1 O10 Na1 S1
	314.0
	314.1
	C1 (NH4,Na)

	15
	C10 H18 N1 O10 S1
	344.1
	344.1
	0,2X1 (H)

	16
	C9 H16 N1 O11 S1
	346.0
	346.1
	0,3A4/Z2(NH4)

	17
	C9 H17 N1 O10 Na1 S1
	354.0
	354.1
	0,3X1 (Na)-Ac

	18
	C9 H19 N2 O11 S1
	363.1
	363.1
	0,3A4/Z2(2NH4)

	19
	C6 H23 N4 O11 S2
	391.1
	391.1
	C2/Y3 (3NH4)

	20
	C16 H30 N3 O12
	456.2
	456.2
	0,2X2(NH4)-2SO3

	21
	C16 H30 N3 O13
	472.2
	472.2
	2,5X2(NH4)-2SO3

	22
	C12 H25 N3 O13 Na1 S1
	474.1
	474.2
	C3/Z3 (2NH4,Na)-2SO3

	23
	C17 H28 N2 O13 Na1
	491.1
	491.2
	0,3X2(Na)-2SO3

	24
	C14 H22 N1 O15 Na2 S1
	522.1
	522.2
	Y2(2Na)

	25
	C16 H31 N2 O18 S2
	603.1
	603.3
	1,4X2(NH4)-CO2

	26
	C16 H33 N4 O18 S2
	633.1
	633.3
	0,2X2(2NH4)

	27
	C16 H36 N5 O18 S2
	650.1
	650.3
	0,2X2(3NH4)

	28
	C18 H34 N3 O20 S2
	676.1
	676.3
	1,3A3/Y3(NH4)

	29
	C15 H27 N2 O23 S3
	699.0
	699.3
	0,3A3(NH4)

	30
	C15 H30 N3 O23 S3
	716.0
	716.3
	0,3A3(2NH4)

	31
	C15 H33 N4 O23 S3
	733.1
	733.3
	0,3A3(3NH4)

	32
	C23 H45 N4 O22 S1
	761.2
	761.3
	3,5X3(2NH4)-3SO3

	33
	C22 H39 N3 O23 Na1 S2
	800.1
	800.3
	0,2X3(NH4,Na)-2SO3

	34
	C22 H42 N4 O23 Na1 S2
	817.2
	817.4
	0,2X3(2NH4,Na)-2SO3

	35
	C22 H45 N5 O23 Na1 S2
	834.2
	834.4
	0,2X3(3NH4,Na)-2SO3

	36
	C23 H42 N3 O27 S3
	888.1
	888.5
	0,3X3(NH4)-SO3

	37
	C22 H46 N5 O26 S3
	892.2
	892.4
	0,2X3(3NH4)-SO3

	38
	C22 H44 N4 O28 Na1 S3
	931.1
	931.4
	2,5A4(3NH4,Na)-SO3

	39
	C22 H47 N5 O28 Na1 S3
	948.1
	948.4
	2,5A4(4NH4,Na)-SO3

	40
	C22 H50 N6 O28 Na1 S3
	965.2
	965.4
	2,5A4(5NH4,Na)-SO3

	41
	C22 H48 N5 O30 S4
	990.1
	990.6
	0,4X3(3NH4)-Ac

	42
	C22 H48 N6 O30 Na1 S4
	1027.1
	1027.0
	2,5X3(4NH4,2Na)/0,2A4(3NH4,Na)

	43
	C23 H54 N7 O31 S4
	1052.2
	1052.6
	3,5X3(5NH4)

	44
	C23 H34 N2 O30 Na5 S4
	1061.0
	1061.6
	0,3X3(5Na)/0,4A4(3Na)

	45
	C25 H38 N2 O32 Na3 S4
	1075.0
	1075.7
	1,5A4(3Na)

	46
	C23 H49 N6 O31 Na2 S4
	1079.1
	1079.4
	3,5X3(4NH4,2Na)



0.424400871	0.492374728	0.694117647	0.324183007	0.324183007	0.894553377	1	0.05708061	0.201742919	0.128540305	0.268409586	0.091503268	0.181699346	0.218300654	0.016122004	0.05751634	S21	K22	K23	A24	A25	K26	K27	P28	E29	A30	K31	R32	E33	A34	I35	V36	0.42440087145969352	0.49237472766884643	0.69411764705882506	0.32418300653594762	0.32418300653594762	0.89455337690631698	1.0000000000000007	5.708061002178659E-2	0.20174291938997865	0.128540305010894	0.26840958605664472	9.1503267973856578E-2	0.18169934640522944	0.21830065359477333	1.6122004357301149E-2	5.7516339869280134E-2	
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