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Figure S1. The basic algorithm used to generate the combinations of elements with repetitions 

from an input list of N elements (e.g., 1 = ‘H’, 2 = ‘C’, 3 = ‘N’, 4 = ‘O’) is shown. The maximum 

number of elements in a formula is limited by P. We used P = 200, if not stated otherwise. In the 

real implementation, two further optimizations were used. The first was based on the idea that 

the input list of elements was sorted by mass. For example, if the cumulative mass corresponding 

to the combination 411 (OHH) exceeded a user-defined upper mass limit, the combinations 511, 

611, etc. were not generated (for N ≥ 6). Since CycloBranch keeps statistics about the number of 

elements in a currently computed combination and since the user can define the maximum 

number of occurrences of any element, a similar approach was used to prune out unnecessary 

combinations of elements in the second case. 
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Figure S2. CycloBranch’s settings dialog configured for analysis of LC-MS data using the 

database-free approach. 
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Figure S3. CycloBranch’s settings dialog configured for analysis of MSI data using the 

database-free approach. 
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Figure S4. CycloBranch’s settings dialog configured for the analysis of the fragment ion mass 

spectrum of pyochelin [C14H16N2O3S2+H]+. 
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Figure S5. Analysis of spectrum containing ethylenediaminetetraacetic acid (EDTA) with zinc. 

CycloBranch’s settings dialog configured for the analysis of direct infusion electrospray mass 

spectrum (ESI-MS) containing EDTA with three atoms of sodium and one atom of zinc (top); 

and fine isotope structure annotated using the database-free approach (bottom). The spectrum 

was collected in positive ion mode. 
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Figure S6. Analysis of spectrum containing EDTA with nickel. CycloBranch’s settings dialog 

configured for the analysis of direct infusion ESI-MS containing EDTA with three atoms of 

sodium and one atom of nickel (top); and fine isotope structure annotated using the database-free 

approach (bottom). The spectrum was collected in positive ion mode. 

  



S8 
 

Figure S7. Analysis of spectrum containing EDTA with copper. CycloBranch’s settings dialog 

configured for the analysis of direct infusion ESI-MS containing EDTA with one atom of sodium 

and one atom of copper (top); and fine isotope structure annotated using the database-free 

approach (bottom). The spectrum was collected in negative ion mode. 
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Figure S8. Fusion of identified compounds with an optical image. From left to right—droplet-

generated circles of bmGTX ([C15H20N2O4S2+Na]+, m/z 379.07567), FOXE ([C27H48N6O9+K]+, 

m/z 639.31144), and TAFC ([C39H60N6O15+Fe−2H]+, m/z 906.33041). 
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Figure S9. Dissecting 41K, 18O and 13C2 (inset) from the [M+K+2]+ ion of FOXE at FWHM = 

0.001. 
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Figure S10. Structure of pyochelin and formulas of fragment ions suggested by CycloBranch. 
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Table S1. Number of generated combinations of elements for different m/z ranges [All = no 

filtering was applied; Sen. = Senior’s filtering rules were applied; Adv. = advanced filtering rules 

(including the N/O rule) were used]. The maximum number of elements in a formula was limited 

to 200. S:1 and P:1 indicate that only one occurrence of sulfur and phosphorus was allowed, 

respectively. 

  m/z ≤ 500 m/z ≤ 1,000 Da m/z ≤ 2,000 Da 

Element

s 
All Sen. Adv. All Sen. Adv. All Sen. Adv. 

HCON 
934,19

2 

120,3

83 

29,9

59 

8,101,5

35 

1,730,8

38 

399,8

94 

46,132,9

61 

17,758,0

42 

3,331,

530 

HCONS 
3,757,

914 

620,2

12 

122,

476 

65,355,

150 

16,723,

250 

2,962,

328 

796,949,

136 

352,440,

391 

29,991

,863 

HCONS

P 

13,306

,477 

2,496,

101 

308,

917 

444,85

0,486 

121,96

4,934 

8,596,

749 

11,113,5

84,055 

5,140,83

5,916 

82,784

,488 

HCONS

:1 

1,681,

008 

225,4

03 

55,5

11 

15,438,

135 

3,350,8

10 

775,5

99 

90,392,9

45 

35,076,5

65 

6,604,

713 

HCONS

:1P:1 

3,024,

190 

416,6

00 

101,

546 

29,436,

430 

6,446,3

84 

1,495,

144 

177,165,

660 

69,119,4

26 

13,068

,349 
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Table S2. Time required to generate combinations of elements for different m/z ranges [mm:ss] 

(MALDI-MS or direct infusion ESI). 

  m/z ≤ 500 Da m/z ≤ 1,000 Da m/z ≤ 2,000 Da 

Elements All Sen. Adv. All Sen. Adv. All Sen. Adv. 

HCON 0:00 0:00 0:00 0:02 0:02 0:02 0:21 0:26 0:26 

HCONS 0:00 0:00 0:00 0:17 0:20 0:22 5:34 6:53 7:29 

HCONSP 0:02 0:02 0:02 1:27 1:47 2:06 52:05 69:38 86:24 

HCONS:1 0:00 0:00 0:00 0:07 0:07 0:08 2:03 2:09 2:15 

HCONS:1P:1 0:00 0:00 0:00 0:09 0:10 0:11 2:16 2:37 2:39 
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Comments on Conventional Mass Spectra Settings: 

Go to the CycloBranch’s settings dialog (i.e., click on “Search”  “Settings” in the main 

window) and select the mode “Compound Search – MS, LC-MS, MSI”. Define the minimum 

and maximum m/z ratios to limit the number of generated molecular formulas. The smaller the 

difference between the maximum and minimum m/z ratio is, the faster the search. Click on the 

HCON button to define the chemical elements H, C, O, and N in the field “Neutral 

Losses/Chemical Elements”. Any custom element can be added. Heteroatoms such as Na or K 

need not be added if [M+Na]+ or [M+K]+ ions are searched. The heteroatoms used in the names 

of ion types are included automatically, and thus, computational time can be saved. Define the 

maximum number of atoms in a generated molecular formula (e.g., 150 or 180) in the field 

“Maximum Number of Combined Losses/Elements”. The smaller the number is, the faster the 

search. See the sample configuration in Figure S2 for LC-MS data and that in Figure S3 for 

MSI data. The following options can be used to reduce the number of false-positive annotations 

of peaks: 

(1) Enable the option “Generate Full Isotope Patterns” and define the “Minimum Number of 

Isotopic Peaks” (e.g., 2). The theoretical isotopic patterns of compounds are generated and 

compared with the experimental spectrum. The “Minimum Number of Isotopic Peaks” (i.e., the 

minimum number of annotated peaks in an isotopic pattern used to report a given compound) is 

used to remove false-positive formulas. 

(2) If LC-MS data are processed, define the minimum number of consecutive scans in which an 

ion must be detected to be considered a match in the field “Minimum Number of Spectra” 

(e.g., 2). If MSI data are processed, the field determines the minimum number of single-pixel 

spectra that must be detected for every compound (e.g., 50). Note that this criterion can be 

combined with the “Minimum Number of Isotopic Peaks”. 

(3) Define a minimum number of ions that must be matched to annotate a given compound. For 

example, if [M+H]+ and [M+Na]+ ions are selected, “Charge” = 2, and “Minimum Number of 

Ion Types” = 2, any pair of ions from the set of ions [M+H]+, [M+Na]+, [M+2H]2+, and 

[M+Na+H]2+ must be matched, otherwise the formula is discarded. This option can be combined 

with the “Minimum Number of Isotopic Peaks” and “Minimum Number of Spectra”. If MALDI-

MS, direct infusion ESI-MS, and MSI data are processed, the ions must be detected in the same 

spectrum. If LC-MS data are processed, the ions may occur at different retention times, which is 

advantageous, especially if [M+H]+ and [M+Fe-2H]+ ions are searched. 

(4) Enable the option “Basic Formula Check” to discard formulas that do not meet Senior’s rules. 

(5) Enable the option “Advanced Formula Check” to check the advanced filtering rules, as stated 

in the manuscript. 

(6) Enable the option “N/O Ratio Check” to remove formulas with a number of nitrogen atoms 

larger than the number of oxygen atoms. 

(7) Define “Isotope m/z Tolerance” τmz in ppm. 

(8) Define “Isotope Intensity Tolerance” τint in %.  
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Comments on Standard Product Ion Mass Spectra Settings:  

In the settings dialog, select the mode “Compare Peaklist(s) with Spectrum of Searched 

Sequence - MS/MS” and define the peptide type “Other”. In this mode, a single theoretical 

spectrum of a compound is compared with all experimental MS/MS spectra in an input file. The 

result of each comparison corresponds to one row in the output report. To perform the 

comparison, enter the molecular formula of a neutral compound into the field “Searched 

Sequence/Compound - Formula”. Define an input list of chemical elements in the field “Neutral 

Losses/Chemical Elements”. Click on the HCON button to use the default chemical elements and 

set the “Maximum Number of Combined Losses/Elements”. The upper bound on the number of 

combined elements is the number of elements in the formula corresponding to the precursor ion 

of the analyzed spectrum. For example, if the precursor corresponds to [C14H16N2O3S2+H]+, use 

a value of 38 or lower. Note that the maximum number of occurrences of single elements can be 

limited by a colon. For example, S:1 and P:1 can be used to allow only one occurrence of sulfur 

or phosphorus, respectively. Furthermore, define the minimum m/z ratio to be as large as 

possible (see the impact of mmin below). See the sample configuration in Figure S4. 

To perform a comparison of a single experimental MS/MS spectrum with multiple theoretical 

spectra (i.e., database compounds), select the mode “Compare Peaklist with Database – MS/MS” 

and define the peptide type as “Other”. In this case, the database of compounds 

“Sequence/Compound Database File” does not have to include the sequence of building blocks 

for any compound. The mandatory items for every compound in the database are only the name 

and molecular formula. Because the database may contain many compounds, a precursor mass 

filter is enabled by default. This filter can optionally be disabled by the checkbox “Disable 

Precursor Mass Filter” to make a comparison of the experimental spectrum with all compounds 

in the database. Note that the type of peptide in the database is ignored in this search mode, and 

all the compounds are used. 

The algorithm for annotation of peaks in product ion mass spectra works a similar way like the 

algorithm for conventional mass spectra: 

(1) The input list of elements (e.g., H, C, O, and N) is loaded, and combinations of elements are 

generated. The number of generated combinations is limited by the maximum number of 

elements in a formula according to the “Maximum Number of Combined Losses/Elements” (e.g., 

150).  

(2) A combination of elements is discarded if mtotal > m1+ – mmin where mtotal is the total mass of 

the combination, m1+ is the mass of singly charged precursor ion, and mmin is the minimum m/z 

ratio.  

(3) If a theoretical product ion mass spectrum of a single compound, e.g., CaHbNcOd, is 

generated, any combination of elements CwHxNyOz is limited by the condition w ≤ a, x ≤ b, y ≤ c, 

and z ≤ d. If theoretical spectra of multiple compounds from a database are generated (within a 

specified precursor m/z error tolerance), the maximum numbers of elements are used. For 

example, given another database compound, CeHfNgOh, then w ≤ max(a,e), x ≤ max(b,f), y ≤ 

max(c,g), and z ≤ max(d,h). 
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(4) Senior’s rules no. 1 and 3 are checked. In this case, the sum of valences of all atoms in a 

formula had to be even and greater than or equal to 2 * (n – α) where α was the maximum 

number of independent molecules of neutral losses. We did not use α = 1 but an empirically 

determined value α = 10 what means that at the most ten neutral losses could occur 

simultaneously (i.e., a molecular graph could include up to α components). The reason was that 

multiple neutral losses of molecules such as water of ammonia did not meet the criterion  

2 * (n – 1). 

(5) The remaining combinations of elements are applied as hypothetical neutral losses to a single 

molecular formula or a database of molecular formulas. Note that atoms in the formula of an 

annotated fragment ion form a subset of atoms in the formula of the precursor ion, what is an 

important difference from the MS1 approach. Similar to the MS1 approach, the presence of a 

monoisotopic peak is checked in the experimental spectrum while the theoretical spectrum is 

being generated to save the computer’s main memory (i.e., unnecessary isotopic patterns of 

fragment ions are not generated). 


