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Stirring bar

Artificial membrane

Phospholipidic extractAcceptor well

Donor well
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Hurdle 1. Number of beads (n) required for reliable mix and split library synthesis. 

Zhao et al. addressed this question from a statistical point of view.11, 12 They described 
two criteria depending on the selected methodology to identify compounds activity from 
mix and split combinatorial libraries. On one hand, chemical-encoding strategies, where 
peptides are assayed still linked to resin beads; the peptide has to be present at least in 
one bead to be present in the library. On the other hand, on what they call iterative 
resynthesis methodologies, peptides are cleaved from the resin to perform the assay.  

Ideally, in the later situation, each compound needs to be represented in equimolar 
amounts for assay consistency. It was described in previous reports that true 
equimolarity requires more beads than is practical for combinatorial experiments.12 
Then, Zhao et al. discussed the limits for practical experimental execution. 

It is assumed that all compounds will be present in nearly equal amounts. They set out 
to determine the sample size n required such that, with 99% confidence, each compound 
will be present on at least (1 - L) ·100% of the ideal number of beads, where 0 < L < 1. 
The closer to zero is L, the closer to equimolarity will be the mixture of peptides within 
the library. To perform biological assays we may want all compounds simply be present 
in concentrations large enough to exert independent measurable effects. They suggest to 
use L = 0.7. This value ensures that all compounds will be present to at least 30% of the 
ideal amount. Then, n is calculated as follows: 
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where c0 is 2.515517, c1 is 0.802853, c2 is 0.010328, d1 is 1.432788, d2 is 0.189269 and 
d3 is 0.001308.12 m is the number of splitting and mixing steps used in the synthesis. R is 



� ���

the total number of generated compounds. rj is the number of pools in the jth splitting 
step (1 < j < m). Since we want to introduce the same variability on each amino acid 
coupling. r1 = r2 = … = rm = r. Then we have, 
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and  

� � �� ��� � �� � �� 

+�+�+���8������.�(������'/5����(�(/���-�����

6,4��()� *1 ,!�+'!"#)# #%/�'(�- '*� !#��"'+,��  /� */(!"'*,?'�",%" /� .')$()�(!�1'1!,)'�+,4!$.'*�
�#(*,*!,(%�#(�1'.+$!�!,#(*�#0��+,(#���,)*3�<,(�'�1"�%'�),*1 �/�'(�- '*�!#�*�.''(�*,+, �.�1'1!,)'�
 ,-.�.,'*� :� !"#$%"� ),*1 �/')� #(� 1"�%';� &'� 0#�$*� #$.�  ,-.�./� )'*,%(� #(� �� �"'+,�� � *1��'� (#!�
�<�, �- '�0#.�1"�%'�),*1 �/@�(#(5(�!$.� ��+,(#���,)*3��'(�'2��5�+,(#���,)*�&'.'�$*')�0#.�  ,-.�./�
�#(*!.$�!,#(3�

�� �.��������+�#'1!,)'*�*' '�!')�0.#+�*�.''(,(%�#0�!"'�)'*,%(')�1'1!,)'� ,-.�./�&,  �-'�1.#!'�*'�
.'*,*!�(!��()�&,  �(#!�('')�0$.!"'.�!$(,(%�!#�,+1.#<'�!",*�*1'�,0,��1"�.+��#>,('!,��1.#1'.!/3���

#"�%'�),*1 �/�"�*�-''(�+�**,<' /�$*')�0#.�!"'�*�.''(,(%�#0�1'1!,)'� ,-.�.,'*�-�*')�#(���<�.,'!/�#0�
*��00# )*�,(!.#)$�')�-/�*1'�,�  /�)'*,%(')�# ,%#($� '#!,)'� ,-.�.,'*� ,%�!')�,(!#��3��<'�!#.*3�A�

�(� �'.!�,(� */(!"'!,�� 1'1!,)'�  ,-.�.,'*2� <�.,�-, ,!/� ��(� -'� '�*, /� ,(!.#)$�')� )$.,(%� !"'� */(!"'!,��
1.#!#�# 3� �#&'<'.2� */(!"'!,�� 1�.�+'!'.*� +$*!� -'� ��.'0$  /� )'*,%(')� !#� +�>'� !"'� 1.#!#�# �
0'�*,- '� ,(� ��  �-#.�!#./� *�� '�&", '� ,(!.#)$�,(%�)'*,.')�  ,-.�./� �#+1 '4,!/3� 8$.!"'.+#.'2� ,(� !"'�
1.'*'(!���*'2� ,-.�./�)'*,%(��#(*,)'.*�!"'�$*'�#0�+�**�*1'�!.#+'!./�0#.�,)'(!,0,��!,#(3�

("'�1'1!,)'�  ,-.�./�*��00# )�&�*�*,+1 '�!#�*1'�,�  /�'+1"�*,?'�!"'�*�.''(,(%�0#�$*�#(�<�.,�-, ,!/3�
#'1!,)'*�&,!",(�!"'� ,-.�./�&'.'��5!'.+,($*��+,)�!')��()��5!'.+,($*���'!/ �!')2�!"$*��  #&,(%�!#�
,(!.#)$�'�!"'���'!/ 5-�*')�,*#!#1,��  /� �-'  ')�!�%�)'*�.,-')�,(�*'�!,#(��3B�:8�A

�A8�5;3��5!'.+,($*�
�()��5!'.+,($*��.'���(),)�!'�1#*,!,#(*� 0#.���.%#��#$1 ,(%�&,!"#$!��00'�!,(%� !"'�#<'.�  � *"$!! '�
!.�(*1#.!� ��1�-, ,!,'*3� 8#.� !",*� .'�*#(2� ��'!/ �!,#(� �()� �+,)�!,#(� #0�1'1!,)'5*"$!! '� ��(),)�!'*�
&�*��#(*,)'.')3�

�#&'<'.2�!",*�)'*,%(�+�/�&#.*'(�1'1!,)'�1'.0#.+�(�'�,(�6<�,)'(!,0,��!,#(�-/�.'*!.,�!,(%�*$,!�- '�
1 ��'*�0#.��"�.%'�*!�-, ,?�!,#(�#(� ,#(,?�!,#(�1.#�'**3�("'.'-/2�&'� ,(!.#)$�')��(��.%,(,('�.'*,)$'�
� &�/*�  #��!')� �*� !"'� �5!'.+,($*� �+,(#� ��,)� ,(� �  � 1'1!,)'*� */(!"'*,?')3� �(� #('� "�()2� !",*�
'(*$.'*��!�  '�*!�#('�1#*,!,#(� 0#.� �"�.%'� *!�-, ,?�!,#(� ,(�6<� ,#(,?�!,#(3��(� !"'�#!"'.�"�()2� !",*�
*,(%$ �.� ��5�5�.%5� 0,(%'.1.,(!� ,*� '4!.'+' /� $*'0$ � &"'(� ,)'(!,0/,(%� 1'1!,)'*� 0.#+� #$.�  ,-.�./�
&,!",(��#+1 '4�+,4!$.'*��#+1.,*,(%�'()#%'(#$*�1'1!,)'*�0.#+��'  $ �.�#.�$��!$!���**�/*3��

�*�+'(!,#(')2� '(%!"�:$;��()��+,(#���,)�<�.,�-, ,!/�:#;�)'!'.+,('�!"'�($+-'.�#0�1'1!,)'*�1.'*'(!�
,(� !"'�  ,-.�./2�� � �� 3� � !"#$%"� !"'�  �.%'.� !"'�  ,-.�./2� !"'� -.#�)'.� �"'+,�� � *1��'� ��(� -'�
*�.''(')2� */(!"'!,�� '41'.,+'(!� � '41'.,'(�'� &�.(*� !#� .'*!.,�!� .'*,(� �+#$(!� 0#.� "�() ,(%�
0'�*,-, ,!/3�(#��**'**� ,-.�./�*,?'2��#+-,(�!,#(*�#0�#��()�$�<� $'*�&'.'�'<� $�!')��()��#(<'.!')�!#�
�+#$(!�#0�.'*,(�:%;�.'=$,.')�!#�*/(!"'*,?'�!"'� ,-.�./3��

�

�

�



� ��A

�

Hurdle 2: Bead size and density calculation. 

To assess library size we first review the resin density-value in terms of beads/cm3. 
Commercial supplier provides resin characterization data. Purchased batch of Rink 
Amide-AM resin had a resin density (%) of 0.6 g/cm3 and a diameter size ranging from 
100-200 mesh.  

Mesh scale units are used to determine the particle size distribution of a granular 
material. 100-200 mesh resin indicate that resin beads will pass through 0.149 mm sieve 
(larger pieces won't fit through this mesh) but will be retained by 0.074 mm mesh 
(pieces smaller than this will pass through the mesh), respectively. This description 
establishes a range of particle sizes comprised between 0.149 and 0.074 mm. 

To calculate the number of beads (n) that fit a volume (cm3) we made some assumptions.  

��  First assumption. It was considered that resin beads are ideal spheres which volume 
is:  
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Packaging density (η) is the fraction of volume filled by spheres. Packing density 
depends on spheres arrangement. The packing densities for several types of spheres 
packings had been described: loosest possible (0.0555); tetrahedral lattice (0.3401); 
cubic lattice (0.5236); hexagonal lattice (0.6046); random (0.6400); cubic close packing 
(0.7405) and hexagonal close packing (0.7405).14 �  

�  Second assumption. Random packaging density (ηrandom) of 64% was presumed.15 � 

Then, for density calculation, 0.0745 mm (0.149/2 mm) was considered as the sphere 
radius. The volume of a single sphere was calculated. Finally, density of beads per cm3 
was calculated: 
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Hurdle 3. Basis for choosing the set of amino acids. 

This decision was based on a work developed by Dr. Ignasi Belda in Prof. Giralt’s lab.16 
Physicochemical parameters were considered to make a rational-based selection also 
regarding on synthetic performance of amino acids to minimize coupling issues. A 
summary of physicochemical and statistical parameters is disclosed in Table 4.2. 

Second column in the table shows each amino acid tendency towards a secondary 
structure: α-helix and β-sheet.17 Symbol ≈ indicate a similar value for α-helix and β-
sheet structures; ≈β a medium tendency to β-sheet; and α and β high tendency for α-
helix and β-sheet, respectively. 

In the third column it is shown the hydrophobicity of selected amino acids in Kyte-
Doolittle scale.18 Selected amino acids include hydrophobic, hydrophilic and neutral 
amino acids. 

Fourth column shows the percentage of amino acid appearance in an active site about 
the total number of selected amino acid in the sequence.19 Alanine value is not known 
since Alanine scanning was the methodology to calculate this parameter. Amino acidic 
base includes 3 top amino acids on this parameter: Trp, Arg and Ile. 

Furthermore, proline was included on this selections since is the only proteinogenic N-
alkyl amino acid. 

Amino 
acid 

Secondary 
structure tendency 

Hydrophobicity* 
Presence in  

active sites (%) 
Trp ≈β 11 21 
Arg ≈ 20 13.3 
Ala α 7 - 
Glu α 17 3.6 
Ser ≈ 10 1.12 
Ile β 1 9.6 

Table 4.2. Summary of considered parameters for reduced amino acid set selection. *Hydrophobicity in 
Kyte-Doolittle scale.  

Here, we briefly summarize most important contributions of all selected amino acids. 
Tryptophan is a fluorescent amino acid described to play an important role on many 
potential hot spots (hydrophobic, H-bonds, π-π, π-cation, and so on) being important for 
molecular recognition. Arginine is also described to have many potential interactions 
(electrostatic, H-bond) and playing a crucial role on molecular recognition; moreover 
having a pI = 10.76 displays a positive charge in physiological pH. It is also described 
as a crucial residue for peptides able to cross membranes. Alanine is a highly abundant 
residue in natural systems. Since alanine has a small side chain it might act as spacer for 
distinct interaction sites on peptides. Glutamic acid contributes on negative charges and 
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show better synthetic performance than aspartic acid. Serine is a polar non-charged 
amino acid, which behaves better on SPPS than threonine. Isoleucine is an aliphatic,    
β-branched amino acid. Its side chain is significantly bulky. It has a high tendency to   
β-sheet structure and has a higher presence in active sites than valine or leucine. Finally, 
proline is the only N-alkyl amino acid. It has a tendency to facilitate β-turns and poly-
Pro produce particular structures. It has been described to play a crucial role on 
hydrophobic-hydrophobic interactions. 
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Hurdle 4. Family selection. 

We formulate two requirements all candidate families have to accomplish. First, 
families have to be present in all triplicates. Second, its molecular peak must fulfil 
typical mass spectrometry shape of peptide species in the MS1 LTQ-Orbitrap spectra: 
molecular and isotopic peaks must have a consistent profile and, on the other hand, it 
must be confirmed that the molecular peak is indeed a molecular peak and not an 
isotopic peak from another signal. 

Then, we discuss two additional selection requirements that may lead to distinct 
families selection. To make the best decision, we should weight how these requirements 
affect the subsequent analysis. Here, we analyse their strengths and drawbacks.  

� Key decision 3 (KD3). Should we prime consistency among triplicates or should 
we shoot for the most intense family-peaks although being only intense in one 
triplicate? 

- Option KD3-A: to shoot for the most intense family-peak although relative intensity is 
no consistent among samples might be advantageous in the sense we have more chances 
to see better and more intense transitions signals. However, family selection might be 
inconsistent due to unreliable performance of cell-based in vitro assay triplicates. 
- Option KD3-B: to prioritize peaks which are consistently more intense makes the 
choice much more robust and avoids possible false positive results. Nevertheless, family 
selected signals might be not intense enough and transitions spectra poorer for sequence 
identification/validation. 

Once weighted both options, option KD3-A was considered as the most appropriate 
because we can better measure up consistency on candidate selection to avoid false 
positive. In case transitions spectra would be too poor for any identification, we would 
shift to option KD3-B. 

To display option KD3-A, we need a consistent way to weight up family ranking among 
triplicates. First, families not present in all triplicates are deleted from the candidate 
selection list. Second, all remaining families on each triplicate are ranked by their 
intensity values. We end up generating three lists, one for each triplicate. Finally, the 
most intense peaks from each list are candidates for the final ranking. Position on each 
triplicate list for each family candidate are added up to get a numeric score that rates its 
presence in weighted prominent positions. The lower the value, the better the candidate. 
(Examples are shown in section 4.4.3.3: Table 4.8 and Table 4.10.) � 

� Key decision 4 (KD4). Should families with more than 30 members be considered 
and screened? 

- Option KD4-A: Yes, it is worth trying to monitor as many molecules as possible. 
Monitoring families with several members is less transitions consuming (most of them 
are redundant) than some few-member families. Then, we can screen much more 
sequences with a single injection. 
- Option KD4-B: They should be discarded because manually checking more than 30 
spectra that may have several peaks is not realistic. 
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Option KD4-B was finally preferred. We consider that is especially convenient to focus 
our effort on screening a variety of families rather than restricted family candidates, 
which risks our finding possibilities. � 
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Hurdle 5. False discovery rate. 

False discovery rate is an important parameter to determine when analysing such 
complex mixtures by matching with a database. We calculated false discovery rate on 
the fist MS-identification level by creating a new database corresponding to a random 
library of hexapeptides comprising distinct amino acids set than the one analysed; only 
arginine is present in this decoy database to apply the same restriction parameters on 
matching than for Ac-D-Arg-library. Amino acid comprising decoy database are: 
arginine, glycine, phenylalanine, asparagine, glutamine, threonine and valine. Then, all 
extracted lists from LTQ-Orbitrap were matched with this decoy database in 
Bibliopepfinder to obtain a false positive decoy list to eventually assess the false 
discovery rate. False discovery rate is determined with the formula below: 

����� �
�������������������

�����������������

� ��� 

Where Total include all families found by Bibliopepfinder with Ac-D-Arg-library 
database and those found in False positiveDecoy. 

 
Ac-D-Arg-

library 
False library 

database 
FDR 
(%) 

1 315 6 1.9 

2 343 12 3.4 

3 335 3 0.9 

Table 4.6. False discovery rate calculated for each triplicate on in vitro cell-based BBB model. FDR refers 
to false discovery rate percentage. Families identified by Bibliopepfinder in Ac-D-Arg-library database and 
decoy database are shown in the second and third columns, respectively. 

False discovery rate values appear significantly low and thus lead to more trustable 
family selection. Furthermore, second level of identification will further address 
validation of those selected families since sequence confirmation requires a full set of 
co-eluting transitions on Q-trap (further discussion on 4.3.3.2). 
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Hurdle 6. Generation of monitored transitions information for QqQ. Skyline proteomics. 

Skyline is an open-source software platform that provides support for experimental 
design and downstream data analysis for proteomics.42 Skyline is a vendor-neutral 
resource that uses ProteoWizard libraries and allows the analysis of data from all MS 
instrument platforms.43  

Skyline generates proteomic peptide list from protein sequences or database entries and 
supports the generation of custom-built libraries. Several parameters can be monitored 
and personalized for creating transition lists. It allows the export of processed data in 
reports formats compatible with statistical analyses, publication or database deposition. 

Then, by creating a database containing the information form members of selected 
families that want to be monitored from our synthetic Ac-D-Arg library. Skyline 
proteomics software was a useful platform to generate all data required to inject samples 
to QqQ. 
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���������� ��� ����������� � ��� �������������� � ���� �!����� �� ��� ����� �����"���� #�� ��������������� ����
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�����#����������������������#�� �������������� ���������������� ���������� ���������������������
  ! 33� $#� ���4 �� 0�	��� ��� ���/���� ��� ��$�� ������ ��� ���������� ��� *+� )���������� ���� ��
������������� ��������������,��"����������� �������������������������/���� ����������� �������
������������	��2���������������������������������������!����������������������������� �����������
��� ������������ ��������� �����"���� &����� �������� ��������� ������������ �� �������� ��� ����������
���������������������������
���������������������������������������������

.�� ����������� � ��� ��� *+� #�� ��� ������ ������!����� ���� ���� ��� ������ ����"��� ����� ������������
�������������	�� ����������� ��� ������������� ��������������� �!������������1��������������	
����
������ �������� �� ��� �������������� ��������� ��������������� ���� ����������� ��� ��� *+� 4�� !4!�� ���
����"��� 4�� !4"���� 2�� ��������������� ���� ����"��� 4�� !4"��� ������� � �� ���1� ��� �����������������
������������������������������������������������������������#������������������������������
���-������ ��� �/�-����� ������������ �� ����
������ ���� �� ��� ������ �������� ����"��� ���� ������� �������
���-������� .�� ��������� � �#�� ���������������� ����� �� ���� ������ #�� ��� ������� ��� �/�-�����
������������ ��� �����-����� ��� �������� ����� �� ����
����� ��� ������ 6��� ��� ��� ���� ����"��� 4�� !4!�� ���
���������� ����������� ����������� ���� �������$� ������ ��� ���������� ��	�� ���� ���	��������� ����
�����������������	����!��+����������/��������$���������������������������������	��������������*+����
������������/����� ����� ���� ����$���������������6��� ��	
� �������������������������������� �� ���
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��������� ��� �#� �� ��� �������� ��� !��$������%� &'��������������� ���� ��������� �������� �����������
(������������� ����� )���*�������������������������+��������������� ������������������������������,���
�������� ���(�*���������������,���� �������������� �������%�6��������������"������������������(���
�����(������������������������������������*���)�������������#������-��������������������+%�.������
��������*���������!�����)��������������������!��(��+����������� ������#� � �4�5#�!3 ������/���
���!�����������������������0��!������������� !���������������������������� ��!%������*����!����"�
������������������������������'�����*"������������!���'����1����!�����������������%�2�������3����!���
��!������������������������ ��!������������������������������������������������� !��������!�����%�
4�� ������� ����������(������� ���� ��� �-�����������$������'���� ���������������������������-�������
����������� ��� !������� !���� ����"� ����!������ ���� ���� ����1����%� '�(�����*�� #�� ���� �'��������
������� �(����� ����� ���� ���������� ����(���� ��� ��� ��������!�!�/"� ����� ��!���������� ���� *����
!���!�������������1������������!���������*�������%�

6��� ���� ��� ��������� �� ��!������� ��� ��������!�!�/� ��� !��������� ��� ���� ������������� ��� ��� �������
�����1���"��'5��������(������������ �����'������ *����������!�/����������������������!-��!�����!����
��������!�%�6������������"��'��6���������!���#������ ������#���������������!���������������������������
��������!�������������!��,��%�6����3�����"����!������ �'����!���������������������� �����*����!�/�
�'�������������� �������� �������� ������7��!��!�/��'8&'��������� ����������*���!�������%�4��������
� ����� ���9�� ������� #�� ��� ��!��(���!�/"� �������(�� �� ����*����"� �� �'�3�����!�/� ����!�����%�
7��������"� �'������ *������!�����!�!�/� �����!�����!�!�/�#��������� ����#���������������������!�����
1�� ���� ������� ��� ��������!�!�/� �'�������!�/� �����!������ ��� �������#�� �!!�������%� 6��� ��3�"� #��
��!���6�������������� *�������-����������'5����*������!����������������������������������������������
��� �����������!�� ��������*���������-��!��!�������������������'��������!��������������!������������ ���
��������!������!����� �'�����!��������!����!����������������%�&�������� ������������������!�����!�!�/�
����#���3������5����������������������������������*���!��������1���������������6!����������!�����!����
���1��9���� ��� ���7��!��!�/��'8&'%� ����-��!���'���*���!��������������� ���!������������*������
������ �������� �!��� ���� ������� ��� !����"� !��� ���� �3������ ���� � �����"� �� ������� ���� *����
(�����������������������������(���������������'�3�����/���������������!��������������%�
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��� �'0������ � !���� �'����!���������� ��� ������� 5�� ����(��*��� ���������� ��� ������� ������ ��� ���
��������!�"� ���� �'��*���� ������� 5�� ��������������� �'����� �� �� ��� ������6�!��� ��� ���� �����
���!�������%� �� ��������!�!�/� �� ��� ��������!�!�/� ��� � ������ �� �����:���� ������!���� !�����3��� �� ���
!������!�/� ��������'���� *���� (������������������� #�� ������!��������������������� !��!����������
�����������������������!�����������*�!����������!���������������*��������������%��

6��� �'��6����� ��� ���!���� !�����3��� ��� � �����"� ��� ������� ��� �'���������3� ����!������� ��
�'����!����������������������/������'��1�!����� (�����������������������!������*����������-������
�!���������� ���%�8�3-������ �������'�����3���������������!!�������������!�/�����*������������!�������
��������!���������!�������������������!������������'����!��������%�;'5��������(�����������*����
(�������� ��� � !������� �� ��������� �'����!���������� ���������%� �� ����� ��� ��� ��(�� ��������!�/� ���6�
���!�/�������!�����3������������������������'��1�!��������-��!%�

�� �������!�/� �����*�����!�/"���3-�!��� �'���������������������"��/����������� ���������������������
���!������������<�������3�������������-��!� �� ������������������������(������,5�%�6������� ����� ���
�������!�/�5��5������� � !���������������������� ������ ��� ������������ ����'�������� ����%�6�������
���������=8&>�)5 "�4�� ��4�"#$�3 �#��$#����"4���4��4� "4��+"�����!��������3��������������!�/��'����
������������������������'����!�!�/��'������3��6�������������*������'�������������%�����������'5��
��� !�!������������ ���� ����������� ��� ����������� ����6��!�� �� 6!���%� ��� ��� ���!#�� ������� !�����
�'��������'������������������*��3������1��9��������� ������������!������� !���!��!������'���������������
������%� ��� =8&>� #�� ���� � !��!�� ���� ��� ������� �'�!��������� ��� � ���� ��� ��� � !��!��
!������*�6��!�� �� �'����!������������������%�&'�����������"� �'�;>� )#3#!"�����  � 4��4� "4��+�#������
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������� !����������������������������'�����������������������������(������!!�/�*��������������!�����
�����!������!������������������������ )=;@+%�A������� ��� �������!�/���� �����*�������������� ���
������� ��� !���� ��� !���� �'����!���� ���������� ��� �#� ����� � ������������ �!���������� ����
������!����� ��� !���� ������� �� ���������%� 6��� ����"� ��� � !��!�� ��� #�� ����������(�� �#�� �#%�4�� !���
*������������ ���������!������������ ��������!������� ��� ���*�����!�/��'��������*������ �������!�/�
�����!�����������(����������������������!�!�/%�+��5������*����(������������ !�������������*�����!�/�
���� ��������� ��� ��� *�����!�/� ��� ���������� �������� ��� ���*�����!�/%� �� �#�� ����������� ���
��������!�� #�� �'���������� A>&� )!�334�4���4�$#!#$� $4���!4 "4��+� ���� *������ ����!���������
���*������ ����-��!�� $� ��  "� ���� ������������ ��� ����!������ ����� �����9��� ������ ��� �'���������
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