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ABSTRACT OF THE THESIS
M ass spectrometric and bioinformatics approachesto characterizing of cyclic non-
ribosomal peptides and ribosomally encoded peptide antibiotic
by
Wei-Ting Liu
Master of Science in Chemistry
University of California, San Diego, 2009

Professor Pieter C. Dorrestein, Chair

Natural products are a crucial component in drug discovery becdugeir
considerable pharmaceutical properties. Cyclic non-ribosomallyidesptare one
category of natural products featured by containing non-standang acids and lactam
or lactone structures, thus increasing the complexity of thetiregsulandem mass
spectrometry data. Cyclosporin, microcystins and nodularins all wae-known
examples and have notable pharmacologically importance. In thisntuvork, by
collaborating with Dr. Pevzner bioinformatics group, a program aea®loped for the
annotation and characterization of tandem mass spectra obtainedyfrlienpeptides.
This program, MS-CPA is available as a web tool (http://lol.ucsd.edu/m
cpa_vl/input.py). The second half of this thesis will be focused on a ribosonmailyeeh
peptide antibiotic trifolitoxin produced by mizobium strain. This peptide undergoes
multiple unknown post-translational modifications results in a loss ob&24masses.
Mass spectrometry based strategies as welh asvo reconstitution experiments were

used to partially characterize trifolitoxin structure.
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Chapter |
I nter pretation of Tandem Mass Spectra Obtained from

Cyclic Nonribosomal Peptides

Chapter 1, in full, is a reprint of the material as it appears in Analytical Strgn2009.
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11 INTRODUCTION

Ribosomally as well as non-ribosomally derived cyclic peptatesan important
group of compounds because of their wide range of biological, toxid a
pharmacological activities, and they often exhibit unique chemicattsres-? For
example, the cyclic toxins microcystins and nodularins produceddnobwcteria (blue-
green algae) can wipe out entire fisheries and can causeidémimans:* In addition, it
is now becoming increasingly clear that these naturally dogucyclic peptides have
biological roles in quorem sensing,gliding,”® prevention of aerial growthor cell
adherence regulatibhand that they can be used as a diagnostic markers for diSé¢mse.
addition, many cyclic peptides are used in the clinic. Well-knowamgses of cyclic
natural products are cyclosporine, an immunosuppressant drug used/éat pyegan
rejection’? seglitide, a potent growth factor release inhibifcand ramoplanin, a novel
antibiotic* Because of the importance of their therapeutic applications, theee
continued development of strategies to generate cyclic libréoiesirug screening
programs->*8In fact, many cyclic natural products with potent therapeutic piiepeare
discovered every weéR?*

Therefore it is important to continue developing methods not only fatisglor
preparing such cyclic peptides but also to characterize such edidspite a lot of
effort by mass spectrometri€ts®’ we are still exploring the way cyclic peptides behave
in a mass spectrometer, in particular during collision-induced dgoc (CID).
Bioinformatics tools such as MASCOT, SEQUEST, and InsPecTapable of robust
interpretation of tandem MS spectra and also enable protein idatmbih with the

equipped database search engiié8.However, few tools are designed for cyclic



peptides with a user friendly interface at a level accestibi®n mass-spectrometrists.
In addition most of the bioinformatics tools are based on somewhatadfagmentation
models, i.e., they may only annotate b and y ions. Both of these alikellgereasons
why most scientists that isolate cyclic natural products anddengelop cyclic peptide
libraries for drug screening programs ignore all but only annatat@all amount of the
ions that are typically observed from cyclic peptides in thteirctural elucidation efforts,
leaving tens to hundreds of ions unaccounted“fe became interested in this problem
because when we attempted to annotate the tandem mass specydicohatural
products isolated from marine organisms by manual means and disttvare large
proportion of the spectral intensity remained unaccounted for anthéhahnotation was
very time-consuming.

Although a program that predicts theoretical fragmentation patseicisas PFIA
may assist in manual annotation of cyclic peptides by providimgpa8ible b ion&' MS-
CPA is capable of direct annotation of the actual input cyclic gepilS spectra and is
also the first program that take into account the fragmentsatha result of sequence-
scrambling fragmentation pathways.

To improve our understanding of the fragmentation behavior of cyclic psptide
we have developed a program that readily annotates a massispezesulting from the
collision-induced dissociation of cyclic peptides. In addition, we haeated a user-
friendly web interface so that other scientist that are wompater experts can easily use
it to annotate their tandem mass spectra of cyclic peptides.

Using this program, we observed that much of the spectral intesfsa MS

mass spectra of a cyclic peptide could not be explained. Upon flatiaysis, we



realized that unanticipated fragmentation pathways were invdlvedclic peptides
when the standard fragmentation rules were applied. The data suhgbsise
unanticipated fragments resulted in scrambling of the sequencee Tihasual fragments
were first described by Harrisons et al., as nondirect segu@\DS) ions based on the
scrambling of the original peptide sequence in contrast to thetdiequence (DS) ions
derived from typical fragmentation pathwa{snhile initially surprising to the authors
that NDS are observed, the mechanistic details toward theafimn of NDS ions have
recently been described in defdiWe have included NDS in our annotations. Therefore,
our program, MS-CPA, not only provides evidence for the existenttees€ NDS ions
but also enables quantitative analysis of the spectral abundanaadtwh to DS and
NDS ions.

In order to demonstrate the utility of this program, we have notapyjied it to
the representative testing peptides, seglitide and the tymesidbut also used it to
confirm the sequence of two newly discovered natural products,
desmethoxymajusculamide C (DMMC) and dudawalamide A, both isolatedrfrarine
cyanobacterid_yngbya majuscule (Figure 1.1). In addition, the program was used to
verify the structure of desprenylcyclomarin C, a natural prodsclated from a
prenyltransferase mutant of the marine bact&danispora arenicola CNS205. This
marine natural product could not be isolated in sufficient quantibesonfirm its
structure by NMR; therefore, this program was critical indbefirmation of its structure.
Finally, during these studies we discovered three additional daegd cyclomarin

analogues and used our program to localize the site of dehydration.
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1.2 RESULTSAND DISCUSSION
1.2.1 Complexity of Cyclic Peptide Fragmentation

Because so many researchers work with cyclic peptides, theationaif tandem
mass spectra from cyclic peptides is important. The annotationyboved tandem mass
spectra of cyclic peptides is often difficult for mass speattasts and natural product
scientists alike. The difficulty in the annotation of cyclic paégsi arises from the nature
of cyclic peptides itself. A cyclic peptide withamino acid residues, theoretically, will
yield n series of b ions but not any y iotfdf there are other ions such as a ions, internal
fragments, and small neutral losses such g8 Bhd NH, this complexity increases
significantly. Therefore, it is difficult to annotate each amdrg ion in the spectrum of
cyclic peptides and thus becomes an informatics problem. To overconee cfotine
complexity in the annotation of these peptides, we have developedramrthgat assists
in the annotation of tandem mass spectrometry data based on input eithivnal@es and
an experimental tandem mass spectrometric data set in .dta and .mzXhétsfor

While we have presented, at a conference, tleabovo sequencing of these
nonribosomal peptides can be accomplished with near “perfect” spassral data sets
using spectral alignments and a combination of de novo and databashkingea
algorithms?*? it quickly became clear that when we applied our first geioarde novo
sequencing algorithms to “nonperfect” mass spectrometry digtéypecally encountered
with more complex nonribosomally encoded peptides or symmetriccqyeptides that
these algorithms often identified a slightly different sequenoeimiprove thede novo
sequencing algorithms that can be used to confirm the stractiiresolated natural

products, we need to improve our understanding of the resulting iong ftamdem mass



spectrometry experiment. This is, in particular, important whetoimes to complex

cyclic peptides.

1.2.2 Cyclic Peptide Annotation Program

To aid in the sequencing as well as to improve our understanding of the
fragmentation behavior of cyclic peptides of nonribosomal origin, deeeloped a
program named the MS-Cyclic Peptide Annotation program (MS-CPA) rdeatily
annotates a mass spectrum resulting from the CID of a qyetitide. In particular, this
program annotates b ions, a ions (losses of CO), aiwhd (losses of p0). However, y
ions are not included, because cyclic peptides do not yield sucffi®hs. annotation
program started as a Python script to mark b, a, amghb given a mass spectrum. The
current implementation is capable of handling .dta and .mzXMLlidhmats as this data
format is becoming the standard format for reporting or dapgsiass spectra and/or
proteomic data se€ts** as spectrum inputs. For the reason that many cyclic peptides
contain unusual or modified amino acids, we leave the freedom for toserput the
amino acid masses manually. There is no size limitation to #ss wf the amino acid
that can be manually imported. Additionally, default standard amirs acasses are
provided. Finally, the amino acid sequence is specified by thdruige order that they
are encountered in the peptide.

For example, seglitide has a methylation on the nitrogen of alafimns is a
nonstandard amino acid; therefore, we can input 85.05280 for methyl-atathiee than

the alanine mass 71.03711.



In addition, once it was recognized that even for mass specticaligtivell
behaved peptides, a large proportion of the ion intensity remained amexpland the
capabilities of this program was expanded to consider neutral agithtbases from the
b ion ladder as well as evaluation of possible rearrangementd basthe series of
masses initially given. The current program has thousands ofdireesle to annotate a
spectrum for the generation of a graphical and tabular output on a web server.

We have made the MS-CPA program publicly available as a webatotiie
UCSD center for computational mass spectrometry (http:/lol.uchsfines-
cpa_vl/input.py) and have also included a tutorial in the Experimentabigeln this
paper, we demonstrate the utility of MS-CPA for the charaaon of the cyclic
peptides shown ifigure 1.1. The cyclic peptides iRigure 1.1 are representative of the

type of cyclic peptides encountered in drug screening programs.

1.2.3 Pre-analysis Data Processing of the Tandem M ass Spectrometry Input File
While the main code for this program is thousands of lines, the ¢hallenge in
the annotation process is actually the generation of a spectrumdh miost peaks can
be interpreted. Because of the great variance of experimetttagsginstrumentation,
and fragmentation properties of the compounds, preprocessing steps ofatlieatias
required for each compound and experiment can vary a lot. To this enmdpleenented
a series of filters to enhance the signal-to-noise ratibetkperimental spectrum. Our
current implementation regarding preprocessing includes ceniterthfy, rank filtering,
water filtering, isotope filtering, peak tolerance, and symmeinizal hese preprocessing

steps are detailed described in the Experimental Sectiohduséer can also choose not



to carry out any preprocessing. Given that noise peaks are unavdmableal mass
spectrometry experiment, the main goal of the filters is itoimhte ions that are likely
noise or ions that are uninformative without losing the important tdataddition, this
gives the users of this program the flexibility to annotate w@#ctra in a manner they
prefer. For example, the user may only want to annotate the top 1 ibresspectrum.
This is possible with this interface. In addition it is possiblartnotate unfiltered spectra
but results in a much longer computational processing time. In wasgs, in natural
product research, the samples are available in limited geantitithe peptide does not
fragment well and therefore it is not always possible to prothiedest mass spectra.
The filters will allow us to work with these spectra, insteaddepeating the experiment,
which might not be possible in real world drug discovery applicationgemMiere is

often a limited supply.

1.24 Nomenclature Used in This Paper

For discussion purposes of the results in this paper, we have adapted t
nomenclature forwarded by Ngoka and Gross to describe the @gpitdes in this
paper’> The nomenclature developed by Ngoka and Gross describes the iowsfair-
part descriptor with the general formulaJ¥, where “X” is the designation for the type of
ion (b, a, etc.) and is the number of amino acid residues that makes up the ion. J and Z
are the one-letter codes for the two amino acid residues conndwtimgckbone amide
bond, J-Z, which is broken to form the linear ion. J is the N-tedraiméno acid residue
and Z is the C-terminal amino acid residue. To illustrate the nclatere, we use

seglitide, a six-amino acid residue cyclic peptide illustrategtiveme 1.1 as an example.
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In seglitide and tyrocidines, the one letter amino acid abbrewiatas used to represent
each residue, while in other compounds we assigned letters inadrtlegir sequence
using the standard alphabet since they contained too many modSetues. For
example, in this paper we describe DMMC for which 6 out of ® raodified or
nonstandard amino acids, while dudawalamide A has 4 out of 7 that atenuand,
mantillamide has 5 out of 9, and cyclomarins have 5 out &igue 1.1). Because the
alanine in seglitide has methylation in the nitrogen position, weAuse represent this
methylated residue. Seglitide using this nomenclature would likedgrgo random ring-
openings following by the bn -> bn-1 pathwWagesulting in the formation of 6 different

series of b ionsScheme 1.1).

I HE LAY WA KV
seglitide 1481 2331 3962 5823 7104
6_R_5 o P AT Y Ik
TNy e |3, HK—-V—-F—-A’jLY}W
1 o4 ——— TR S W
S HYf W KV A

b1AF — b2AF— Db3AF— Db4AF b5AF
86.1 2491 435.2 563.3 662.4

Scheme 1.1: Sequences of b ions from the fragmentation of seglitide. According to the
conventional pathway for fragmentation of cyclic peptides, segliiid¢ undergoes
random ring opening at each amide bond, yielding 6 different lineadpsp®equential
C-terminal amino acid cleavage results in six series of ions, for a tdbab88.
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1.2.5 Cyclic Peptide Annotation Program Demonstration: Seglitide

We first illustrate the application and utility of MS-CPA usiagsimple cyclic
peptide, seglitide, a somatostatin receptor antagonist consistsig amino acids, and
described the results using the nomenclature defined aboyar ¢ 1.1). Seglitide was
analyzed by Fourier-transform ion cyclotron resonance massrepetry (FTICR MS).
A singly protonated ion was observed at 808.4247 Da, which is within 3 ppghre of
theoretical mass of seglitide (808.4272 Da). This ion was subjectetDtin a linear ion
trap, and the product ions were again analyzed by FTICRABr(e 1.2).

The resulting MS2 spectra were then analyzed by MS-CPA. Tlatrspewas
subject to standard filtering procedures to increase the smpmalide ratio. First, because
the raw spectrum was collected in profile mode, only the top peeakretained in a
window of +0.05 Da. Second, the top 200 most intense peaks were retaingygl. Las
isotopic and water-loss peaks were filtered out, yielding 146 fieaks. As shown in
Figure 1.3, the output of MS-CPA includes input residues and the parent mags that
obtained as user input or directly obtained from the input. dta or. rhzis (A),
summary of input filtering parameters and resulting ions counigj(Bntitative statistics
of cleavage and total explainable ion intensity (C), a spectriimcalor-coded matches
(b ions are showed in red; water loss are green; a ions are W{@Ss are blue;
unannotated ions are yellow) (D), a plot of mass errors of theatedabns (E), and a
list of matched fragment ions in tabular format (E). Forisdg| the MS-CPA output
indicates that 28 out of the 30 possible b ions were matched to obseassds. The
explainable ion intensity of the b ions combined with possible a inddass-of-water

ions was 71.5% of the total ion intensity. The absolute differbateeen the calculated
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and the experimental masses was less than 0.004 Da. Among the ansiogatioe of the
ions with high intensity contained water loss even though there wasrme or
threonine in the sequence. In addition, masses corresponding to add@®rDaf (plus
CO) were observed. These ions were not expected, thus we subijeesedions to
additional rounds of tandem mass spectrometry (N8d MS) to verify if the
annotations were real or not. With these additional rounds of fragmoantahe
authenticity of MS-CPA annotations was verified and these ionsndezd correctly
annotated. Although the mechanisms behind the formation of these unusoarftagre

still elusive, MS-CPA enabled us to discover the existence of these ions.
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Figure 1.2: Seglitide MS and M S* spectrum. MS and M3 spectrum were collected by
ESI-LTQ-FTICR MS. A: Broadband spectrum. B: Spectra obtaineti witisolation
window set for seglitide parent ion (M+HE: MS” spectrum of seglitide. D: Zoom in
spectrum of 600~750 m/z region.
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A | Parameter Value c Description Cuts Fraction Int
Peak tolerance 0.006 A*Y*W*K*V*F 5/5 0.1418
A=85053 F*A*Y*W*K*V 55 | 0.1452
Y = 163.063 VEF*A*Y*W*K 55 | 01322
Amino acids W= l>86.0»'9 K*V*F*A*Y*W 5/5 | 0.0852
K =128.095 W*K*V*F*A Y 4/5 | 00557
V'=99.068 Y W*K*V*F*A 45 [ 01545
F=147.068 Total explainable 2830 07147
-18.011 Total explainable by normal and ~ps ions 0.8206
Modffications 180t Experimental Parent Mass [808.4272
F Theoretical Parent Mass |808.4272
B top | mass intensity percent | annotation
Filtering Method  Peak Count |1 | 332.197 | 35908.24 | 9.538 | {332.197) VFA
Original 37912 2 |644.354 | 21833.30 | 5.799 | {644.356} AYWKV[-18.01]
3 | 563.297 |19337.46 | 5.136 | {563.298)} AYWK
centroid filtering _ 4 |710.365 | 15516.38 | 4.121 | {710.367) FAYWK
width =0.10 547 5 | 435202 | 1483312 | 3.940 | {435.203) AYW
top =1 6 |577.313 | 13561.04 | 3.602 | {577.314) YWKV
Take top intensity peaks | 200 7 | 396239 |12899.44 | 3.426 | {396.240} WKV[-18.01]
Tsotope filtering (optional)| 146 8 |559.302 | 12740.19 | 3.384 | {559.303} YWKV[-18.01]
Semmenisation 270 9 |724.380 | 1224454 | 3.252 gz:.:?g Z\\,rvv:x'\:/ y
10764412 | 925373 | 2458 | oo o
. D 11 | 460.291 | 8626.17 | 2.291 | {460.292) KVFA
! 12 | 662.365 | 8156.27 | 2.166 | {662.367) AYWKV
13 | 692.354 | 7673.47 | 2.038 | {692.356) FAYWK[-18.01]
14 | 752375 | 7271.79 | 1.932 | {752.377)
15 | 681.339 | 6730.78 | 1.788 | {681.340} VFAYW
5 16 | 674.365 | 6699.22 | 1.779 | {674.367)
17 | 651.349 | 6295.16 | 1.672 | {651.351)
18 | 534.270 | 5998.01 | 1.593 | {534.272) AYWV
U m.‘h\. ml ‘ | |19 | 734.365 | 469499 | 1.247
T w owmw w Cw w90 | 350150 | 4640.29 | 1.233 | {350.150) YW
= 21 | 582.270 | 4379.05 | 1.163 | {582.272) FAYW
JGEL 22 | 544.291 | 399558 | 1.061
i f . ) 23 | 527.297 |3928.30 | 1.043 | {527.298) AWKV[+27.99]
1o 24 | 442.281 [ 3905.33 | 1.037 | {442.282) KVFA[-18.01]
- 25 | 623.354 | 3787.63 | 1.006 | {623.356) KVFAY
! 26 | 357.228 | 3757.14 | 0.998 | {357.229) KVF[-18.01]
- .. 27 [ 665.344 | 3747.00 | 0.995
e . 28 | 416.229 | 3646.87 | 0.969
T 29 [ 315181 | 3521.48 | 0.935 | {315.182} WK
30 | 538.302 | 3083.50 | 0.819 | {538.303) YKVF

Figure 1.3: MS-CPA output from analysis of seglitide MS* data. MS-CPA input
parameters summary (A,B), number of cleavages and explainablesiipteThe *
indicates an ion that cleaves here was annotated in the spe@jy@nnotated spectrum
(D), accuracy analysis (E), annotated ions list (unsymmetrigeddave space, only the

30 most intense ions were displayed) (The annotation is the recomdnhandngement

for the provided input sequence and specified parameters. Usearkl staoify the
annotations manually.) (F). In the output spectrum and annotation lish, ithes are
showed in red; bD loss are greemions are cyan; NDS’s are blue; unannotated ions are
yellow in the spectrum and unlisted in the table. Symmetric ions are not shown in D or F.
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1.2.6 Observation of NonDirect Sequencelonsin Seglitide

Because more than 28% of the ion intensity remained unexplained,plozee
the nature and significance of the remaining ion intensity.asx these data were
acquired with high resolution, the molecular mass of each ion could drendetd. First,
we analyzed these for alternate combinations of amino acidswvthat result from
peptide residues rearrangements. We found 58 such ions comprisyidyrd0% of the
total ion intensity.

Each of these scrambled sequence ions had mass errors within 0.004 Da,
agreement with all of the other masses we had annotated. Thtdaso many of the
ions could be explained by a rearrangement of the amino acid sedsamndékely be
coincidental or due to noise. In fact, some of these scrambled ®md elatively high
abundance. In seglitide, the most abundant NDS ion was up to 16% of theirexiaai
intensity when the most intense ion was set to 100%. These kindsuwftdéed sequence
ions have previously been observed in peptides and described as nondjuectcee
ions28:30323437Bacause of their relatively high abundance, they are included into our
annotation program MS-CPA. By their inclusion, the accountable signahsity
increases from 71.5% to 82.1%. Notably, some ions still remain unannokegsel,ibns
are likely a result of sidechain fragmentations, unknown fragmemnsator noise
inherently present in the mass spectrometry data set.

To confirm the presence of NDS ions from seglitide, the two meetse of these
ions, AYWV and YKVF (Barx, bsya-w), and each dion (i.e., the parent ion minus one
amino acid) were isolated and subjected to an additional round of TGl ions were

chosen for comparison and were anticipated to be linear by converftagalentation
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pathways bx> bx-1°Surprisingly, the M3spectra indicated that none of these selected
ions simply followed the conventional rules for fragmentation whicte dtaat cyclic
peptides sequentially lose amino acid residues from the C-termitarsthe initial ring
opening eventRigure 1.4).%° Instead, we observed a mixed series of b iSaseme 1.1)
which suggest that the precursors for the*periment are still cyclic. For example, if
the y ion FAYWK was of linear structure, only thggk ion series should be present in
the associated MSpectrum Kigure 1.4A); however, we observed the relatively intense
bwwa and byy ions. These additional ion fragments most likely originate frguolic

peptide precursors.
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Figure 1.4: MS® spectra of representative seglitide sequence ions. The presence of
daughteb-ions from different linearized parent ions suggests that the parei#t cyclic
(as opposed to linear, as initially assumdiy> spectra were collected by ESI-LTQ MS.
A-E: bs ions. F-G: top two NDS ions observed. Expected sequence ionsimdaa |
peptide are showed in black color. Expected ions for cyclic peptedshawed in green
color combined with black color ones. Red color represents for NDS ions.
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To explore these NDS ions behavior, we first compared the totahiensities
explained by assuming a linear precursor with those explainedgdoynang a circular
precursor. For example, CID on the igab (KVFAY) would yield K, KV, KVF, KVFA,

Y, AY, FAY, and VFAY fragments if the faw ion was linear. However, if this ion was
circular, we would observe 20 possible fragments. In the casgwi{Bigure 1.4C), the
ions annotated as AYKV, FAYK, and YKVF show high intensity and aasily
explained if the precursor ion is considered to be circular. In &8 of total ion
intensity can be explained by assuming a circular precurdate wnly 42% can be
explained by assuming a linear precur3able 1.1 summarizes the analysis of the seven
MS? ions that were subjected to additional CID and annotated as @it or circular.
Among these seven MSons, the only one that gave poor fragmentation sig b
(VFAYW), with 12 cleavages out of 20. However, this ion produced aingepse peak
(bsap) that corresponds to loss of phenylalanine. This peak would not havéhbe®ost
intense ion in the MS3 spectrum if the initial cyclic peptide hiast fundergone
linearization and then eliminated the C-terminal residue (iygtaphan) as predicted by
conventional fragmentation rulé$* While all of the foregoing results strongly support
the cyclic nature of the MSions resulting from CID of seglitide, it is likely that a

mixture of cyclic and linear forms ultimately contribute to the*Mgectrum.
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Table 1.1: MS-CPA analysis” of the two most intense NDS ions and b5 ions of
seglitide.

Linear annotation Circular annotation Number dticail
cuts explained cuts explained fragments(a]
intensity intensity

bsry 6/8 64.75% 13/20 89.24%

bsvk 5/8 20.46% 12/20 88.82%

Psiw 4/8 42.39% 11/20 88.36% 4

bsva 6/8 46.15% 14/20 92.54% 6

Dsar 5/8 55.19% 8/20 82.01% 1
Dsark 4/6 73.16% 7/12 85.38% 2
Dsyaw 4/6 50.47% 8/12 76.81% 3
[a] Fragments that cover the linear breakpointHb¥ults were analyzed by isotope removal, watgr

removal, NH3 removal and window filterimgth width 10, top 10, unsymmetric.

Although the formation of these NDS ions have been recognized20063° the
actually mechanisms behind them are still a hot research 8mieral groups argued the
importance of understanding this phenomenon in the developmeetnof/o sequence
programs. Therefore, a few mechanisms have been proposed to accoiNDSor
ions?8393234 The general consensus involves a cyclic intermediate occuryng b
recyclization. The presence of recyclized intermediates haea berified by Riba-
Garcia and co-workers using ion-mobility M&' The tendency of generating NDS ions
was also studied under N-acetylation modification or various activaginergy”
Recently, just after this current manuscript was submittedpra thorough mechanism
and pathway was published by Bleiholder et al., in which a sequeraeksing
fragmentation pathway was proposed describing the mechanism ofidiB®ased on

experimental and energetic calculations in agreement with tbkéc dyDS ions we
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observed* Therefore, our program, MS-CPA, provides solid evidence showing the

existence and abundance of these NDS ions with nonribosomally derived cyclicgpeptide

1.2.7 Dependence of the Intensity of NDS lonson Activation Time and Activation q
Because we anticipated that changing the activation time angyemeuld
provide control of the intensities of NDS ions, we analyzed thetsffdcthe different
CID parameters on NDS ion abundandeggre 1.5). Surprisingly, and somewhat
unsatisfying, the amount of these NDS ions did not demonstratenificsigtly change
with increased activation time and energy. This phenomenon can be attributed to the
fact that when the activatiaincreases, thavz range of a frequency sweep decreases
(Figure 1.6) because lown/z product ions start to lose stable trajectories as activation
energyq is rising*”*® This is a well documented flaw with linear ion traps. Because of
the large activation, the fragment ions and NDS ions no longer fall within the acquired
scan. Therefore, the cleavage coverage and NDS abundance decraasdiyd(&sgure
1.5B). In addition, there does not appear to be significantly added bepafitclianging
the activation time and activation in the increased coverage when the spectra are
merged. Unfortunately we do not have PQD (Plused-Q Dissociation) anstiument
that could partially overcome this limitation found with ion trp¥.Although not tested
in this work, as the authors do not have such instrumentation in theirttaiesait is

anticipated that Q-TOFs and triple quadrupoles do not have this limitation.
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Figure 1.5: Effect of activation time and activation g on NDS ion formation. In
activation time experiment (A), Seglitide MSpectrum was collected using ESI-LTQ
MS at different activation time (1-100ms), activation g was st025 (Thermo
parameter) and subjected to MS-CPA analysis. The resultsedhmefore 5ms NDS ions
formation increase correlated to activation time, and then reaguht@au, suggesting
fragmentation can be done in 5ms. In activation q experiment @litiSe MS
spectrum was collected using ESI-LTQ MS at different attimag (0.05-0.7 Thermo
parameter), while activation time was set as 100ms. Resuspegtra were again
subjected to MS-CPA analysis. The results showed below gq 0.15 dlidSfarmation
increase correlated to activation g, and fall drastically dudeocollecting m/z range
decrease and thus sequence ions including NDS ions fall out the measuring region.



Relative Abundance
|

709.36

T [T |
250 300 350 400 450 500

o 0.10

[
550 600

407 227.09

30227 332.18
7 | 230.64 | 335.27
= |

Relative Abundance

T
650 700

L B B B s
750 800

775.55

T L A S By s s s B B B B

250 300 350 400 450 500 550 600
m/z

100

o 0.15

40 33218 577.36

Relative Abundance

650 700 750 800
791.45

|
681.27

644.45 \{
710.27 78145 |

024700 315.18 | 350.18 435.27 46036 495.09 53845 | f, 596.27
T T T T T T I L L T T 1
250 300 350 400 450 500 550 600

1 0.20

100

o o
T

332.18
. 563.36

247,09 31518 | 357.27 435.18 46038 40557 59836 {J| | s2.27
— e

(SN
o o

Relative Abundance

(=}

L L A o B e e
650 700 750 800

64436 681.36 7p435 78145

T LI I T T L T T

250 300 350 400 450 500 550 600
m/z

1005

o 0.25
60|
404 33227
20

563.36

24900 31527 35718 39627 5384'f5 Ll
N L it v S L I

Relative Abundance

435.18 460.36
b |

o

623.55

L by | Jn‘ |

650 700 750 800

644.36
L 68127 79435 781.36

o b

250 300 350 400 450 500 550 600
miz
100

o 0.30

60+

20
] 315.13} 35727 39627 43027 46036 4qq45 53836 | |
i

Relative Abundance

o

404 332.18 563.36 644.36

|
62336 |y b b da )]

700 750 800
791.45

68136 24.36 781.4‘5

L ! i
L I L L L L L

300 350 400 450 500 550 600

0.50

1005

B O
TLTiT

563.36 577.36 Ba445 egio7

49936 53836 | |s58207 623

T [ T T T

500 550 600 650
miz

N
=3

Relative Abundance

460.36
1

o

S
o
t=

o 0.70

Relative Abundance
h

71036 724.36
4 63545 64‘&;36 66245 674.36 68127 69245 N ]

734.36
0 T T f T f—=

.36
[ L N (s e s

! PN
LI I B B B B A

650 700 750 800
791.45

72436 75236 781v[45 H

‘\, 65136 | 692.36 [ Lo
S S B e e s s B s s
700 750 800

791.45

752‘\.‘36 764,36 ol

T T f T T T T
620 640 660 680 700 720 740

m/z

LI -
760

22

Figure 1.6: Effect of activation energy g on fragmentation. Seglitide M$ spectra were
collected using ESI-LTQ MS at different activation q (0.05-0.7rfiteeparameter) with
activation time set as 100ms. Spectra showed measuring nonseaastically narrow

down as activation q increase over 0.3.
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1.2.8 Capability of MS-CPA in Analyzing an Antibiotic Mixture
In addition to seglitide, we investigated the antibiotic mixturethyicin, which

contains more than 28 different compounds and is readily availabimemnally due to
its clinical utility as a typical antibiotic. Some of thesempounds, individually called
tyrocidines, are known to be cyclic peptidésVe used MS-CPA to analyze several ions
from this mixture Figure 1.7, Table 1.2). In the case of tyrocidine A, the program
successfully annotated 74 b ions out of 90 possible. In contrast, only dis lwere
identified through manual annotation of tandem mass spectra frogidiyre A, despite
this being one of the most thorough studies of cyclic peptides aeatialdate in the

literature demonstrating a significant advantage of spectra usingnasa?
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Figure 1.7: Tyrocidines MS and M S? spectra. MS and MS spectra were collected by
ESI-LTQ MS. A: Broadband spectrum showed different species aititines in
tyrothricin antibiotic mixture. B: Isolation of tyrocidine A (protoedtform) C: M$
spectrum of tyrocidine A.
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Table 1.2: Summary of tyrocidines sequence, molecule weight and M S-CPA results
collected by low resolution MS (LTQ).

explainable ion intensit

w/o NDS  with NDS

sequence obsMw calMw ppm cleavage ions ion

A cyclo [VOLFPFFNQY]  1269.72 1269.65 52 74/90 5987 85.73%

Al cyclo [VKLFPFFNQY] 1283.72 1283.63 39 80/90 68% 77.36%
B cyclo [VOLFPWFNQY] 1308.72 1308.65 42 66/90 5329 84.90%
B1 cyclo [VKLFPWFNQY] 1322.72 1322.68 29 74/90 5%6 75.84%
C cyclo [VOLFPWWNQY] 1347.72 1347.67 32 60/90 5280 85.83%
Cl1 cyclo [VKLFPWWNQY] 1361.72 1361.69 18 76/90 53% 77.73%

1.29 Using MS-CPA to Annotate Cyclic Peptides Containing Nonstandard
Subunits.

Seglitide and the tyrocidines have a uniform peptidic backbone wittdasth
amino acids. However, many nonribosomal cyclic peptides are egiciia lactone
formation and include nonstandard amino acidEheoretical calculations suggested that
cyclic peptides favor a lactone bond as the initial ring-openirg sibhd also the
fragmentation pathway of cyclic peptides differs when lactone bond(s) muereed?® It
is therefore important to establish how these other structuréirésaimpact the
fragmentation data and the results analyzed by the MS-CPAapnodhus, we analyzed
several nonribosomal cyclic peptide natural products containing latitdceges and
nonstandard amino acids by tandem MS followed by MS-CPable 1.3 andFigures
1.8-1.11). These included three marine cyanobacterial depsipeptides:
desmethoxymajusculamide C (DMMC), mantillamide, and dudawalamiadl free of
which were isolated because of their biological activitycemcer cells or malaria

parasitesKigure 1.1).>*°°



25

Analysis of DMMC by MS-CPA uncovered 36 of the 72 b ions expected from
standard fragmentation. Including NDS ions, the proportion of explained it
intensity increased from 71.1% to 78.3%. Similar results were obtéonenantillamide.
These data indicate that nonstandard residues and ester lirdages diminish the
program’s ability to insightfully annotate a tandem mass spectrum.

Dudawalamide A was isolated from the marine cyanobacteriymgbya
majuscula, and its structure was determined by NMR methods. A full reporthen
structure and bioactivity of dudawalamide will be published elsewfiefe.high-
resolution MS2 spectrum of this compound was submitted to MS-CPAnfatation.
The program was also provided with the masses of the dudawalssulnenits
determined by NMRRKigure 1.10). The fragmentation behavior of dudawalamide, also a
lactone, was found to be very different from the fragmentation b&halmantillamide
and DMMC. Although 96.0% of the total ion intensity was explained bgns with
absolute mass errors smaller than 0.008 Da, only 18 of the pred&tedions were
identified by the program. Thus, a high proportion of total ion intensity was aecoiant
by a small fraction of the expected b ions. This phenomenon can bénegpty the
presence of labile connections between residues within dudawala8udé. weak
connections are represented in normal peptides by amides N-tetonpralines, amides
C-terminal to Asp and Glu, or amides involving tertiary amffiéEhree such linkages
are present in dudawalamide: one at the N-terminus of proline amdhér two at the N-
termini of theN-methylated phenylalanine and tNemethylated isoleucine. Because of

these three labile connections, the fragmentation of dudawalamide @dodnly a few
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ions, which were consistent with the known structure of dudawaldmidgrovided little
sequence coverage.

Lastly, we used MS-CPA to investigate the structures ofoayafin A,
cyclomarin C, and desprenylcyclomarin C. The natural products mgcio A and C
were originally isolated, based on their strong anti-inflanonyatctivity, from the
marine bacteriuntreptomyces sp. CNB-982’ Subsequently, desprenylcyclomarin C
was isolated from a prenyltransferase mutantSafnispora arenicola CNS-205 but
could not be produced in amounts sufficient to enable structural charaitte by
NMR.?° We therefore subjected all three cyclomarins to mass spettyoemd acquired
MS2 spectra of each analogue. The broadband mass spectra of #edeayclomarins
showed a protonated ion species and a even much more stronger speegggnding to
dehydrated formsHigure 1.11 A,D,G), providing evidence that these natural products
are prone to water loss. The MS2 spectra of both the protonatedtatated forms of
each cyclomarin analogue were collected and subjected to MS-CPA.

Analysis by MS-CPA consistently revealed the presence of gstb&GF and
b4AG ions the MS2 spectra in all of these cyclomarin speCiasi€ 1.3, Figure 1.11),
thus confirming that desprenylcyclomarin C is structurally relategidtmmarin A and C.
Overall, these analysis of cyclomarins identified from 8 to 1@nls put of 34 possible b
ions. The fraction of explained total ion intensity ranged from 8 %0.3% when NDS
ions were excluded and from 47.2 to 72.5% when NDS ions were included. Ohéhe ot
hand, this fraction was much higher for the dehydrated formyadbroarins, ranging
from 72.2 to 79.1% without NDS ions and from 76.4 to 91.8% with NDS ions. In

addition, we have successfully localized the dehydration sitbetdryptophan-derived
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residue. Because cyclomarins are so prone to dehydration, it iblpdassit this is the
form that provides its anti-inflammatory activity. The modtely path leading to
dehydration is the formation of an imine on the tryptophan resideidjng a conjugated
system upon loss of water. These examples highlight the ussfudh&1S-CPA to assist
in the structural characterization of cyclic nonribosomally eadathatural products even

when limited quantities are available.

Table 1.3: Summary of MS-CPA analysis of cyclic peptide natural products
discussed in text.

explainable ion intensity
name cuts w/o NDS ions with NDS ions
DMMC 36/72 71.10% 78.30%
Dudawalamide A 18/42 96.00% 97.30%
Mantillamide 34/72 65.21% 81.99%
Cyclomarin A 12/42 50.34% 72.48%
Cyclomarin C 16/42 36.98% 47.20%
Ded¥-cyclomarin C 8/42 46.74% 55.48%
Dehy” Cyclomarin A 16/42 73.79% 87.88%
Dehy” Cyclomarin C 12/42 76.35% 91.83%
Dehy” Ded®-cyclomarin C 12/42 72.16% 79.09%
[a] Des: Desprenyl. [b] Dehy: dehydrated. [c] Fde tcyclomarins, manual annotations for igns
reflecting loss of MeOH were included in the cadtidns of explainable ion intensity.
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Figure 1.8: DMMC MS and MS? spectra. MS and M$ spectra were collected by ESI-
LTQ-FTICR MS. A: Boardband DMMC spectrum. B: KSpectrum of DMMC
protonated form (954.57 m/z). C: MS-CPA output of annotated DMMC spectrum.
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Figure 1.11: Cyclomarin MS and M S? spectra. Cyclomarins MS spectra were collected
by ESI-LTQ-FTICR MS. M$ spectrum were collected by ESI-LTQ MS. A-C:
cyclomarin A spectrums; D-F: cyclomarin B spectrums; Gdspienylcyclomarin C
spectrums. Broadband (A, D, G); M8f cyclomarin protonated form (B, E, H). MIS
spectrums of cyclomarin dehydration form (C, F, I).
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Figure 1.11: Cyclomarin MS and MS? spectra, continued. Cyclomarins MS spectra
were collected by ESI-LTQ-FTICR MS. MSpectrum were collected by ESI-LTQ MS.
A-C: cyclomarin A spectrums; D-F: cyclomarin B spectrui@sl: desprenylcyclomarin

C spectrums. Broadband (A, D, G); M&f cyclomarin protonated form (B, E, H); MIS

spectrums of cyclomarin dehydration form (C, F, I).
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13 CONCLUSION

Because cyclic peptides are an important class of therapantidexins, we have
developed a program, MS-CPA, to facilitate the structural claraation of these types
of natural products. Users can easily access the program on the World Wide dvér i
to annotate their tandem mass spectra of cyclic peptides. Usisigoitogram, we
solidified the amino acid sequence of several recently discovapetttive natural
products, such as dimethoxymajuscalide (DMMC), mantillamide, dudawddaA, and
verified the structure of desprenycyclomarin C as well as dehydpyadgdcyclomarin C
that were isolated from a desprenyltransferase knocRoatenicola CNS-205 strain.
This analysis demonstrates the strength of this program when cambitie tandem
mass spectrometry, as well as a candidate structure snlablstructural characterization
of cyclic peptides produced in such low quantities that normally prahibditise of other
structural methods such as NMR.

Using our annotation program, we observed that cyclic nonribosomal peptides
fragment in unusual ways. This kind of sequence-scrambling fragtiterd results in a
spontaneous recyclization event. The observation of NDS ions makpsotilem ofde
novo sequencing of cyclic peptides even more challenging than wasgiopsly
anticipated. Therefore, the annotation and understanding of the fregimempatterns
will, undoubtly, facilitate and improvee novo sequencing algorithm developments.

In summary, our current developed program provides a rapid annotatitomrplat
for tandem MS spectra of cyclic peptides. Also, although not desigmeithi§, it can
likely also be used to analyze the cyclization phenomenon of lineadeepWe are

currently using this program to annotate peptides that have beateisélom marine
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organisms that have potent cancer, malarial, and antibiotic reédstaterial inhibitory
activities. The approach described in this paper should be useful tudinesf cyclic
peptide virulence factors, the chemical ecology of cyclic peptidesyell as cyclic

peptides in drug screening programs?o!

14 EXPERIMENTAL SECTION
Sample Preparation

Seglitide was purchased from Aldrich and was dissolved to a coatentof 20
ng/mL in 50:50 methanol (MeOH)/water with 1.0% acetic acid (Acaby)dawalamide
A and DMMC were isolated from cyanobacteria and preparedsotution of 50ug/mL
concentration in 50:50 MeOH/water with 1.0% AcOH and was infused I@arass
spectrometer. Cyclomarins were isolated from a marine acyiceten and desalted with
C18 ZipTip pipet tips (Millipore) following the manufacturer’s protodol a final

concentration of 50g/mL.

M ass Spectrometry

All samples were subjected to electrospray ionization on a €ivBlanomate
(Advion Biosystems, Ithaca, NY) nanospray source (pressure, 0.3y, wltage, 1.4-
1.8 kV). Seglitide, tyrothricin, and DMMC were analyzed a Finnigan {EFITCR MS
instrument (Thermo-Electron Corporation, San Jose, CA) running Tuneséfivgare
version 1.0 and Xcalibur software version 1.4 SR1. Dudawalamide A whzethan a
Thermo LTQ-Orbitrap-MS instrument (Thermo) running Tune Plus andlitXa

software version 2.0. Activation time argl experiments, low-resolution spectra of
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seglitide, tyrothricin, and cyclomarins were acquired on a FinnigeQ-MS (Thermo-
Electron Corporation, San Jose, CA) running Tune Plus software versiohhg.@nal

spectrum was obtained by averaging MS2 scans with QualBrowseasoversion 1.4
SR1 (Thermo). Generally, the instrument was first autotuned om/thealue of the ion
to be fragmented. Then, the [M + H]+ ion of each compound was isolatibe linear
ion trap and fragmented by collision induced dissociation (CID»s 8ktonsecutive,
high-resolution, full MS/MS scans were acquired in centroid orilprahode and
averaged using QualBrowser software (Thermo). The Thermo-FinriRfan files

containing the average spectra were then converted to mzXMlfofieat using the

program ReAdW (tools.proteomecenter.org).

Pre analysis data-processing

The pre analysis data—processing effect was demonstratddbie 1.4 and
Figure 1.12, and was discussed in below:

Filtering: The main challenge in the annotation process is actually theagjener
of a spectrum in which most peaks can be interpreted. Because gre#itevariance of
experimental settings, instrumentation, and fragmentation propeftié® compounds,
the pre-processing steps required for each compound and experimeatlgarTo this
end, we implemented a series of filters to enhance the signabise ratio of the
experimental spectrum. Given that noise peaks are unavoidable, thegoaiof the
filters is to eliminate ions that are likely noise withoutingsthe actual data. In addition
this gives the user of this program the flexibility to annoth&rtspectra in a manner

they prefer. For example the user may only want to annotateghi0tin the spectrum.
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This is possible with this interface. In many cases in natural produatcbdbe samples
are available in limited quantities or the peptide does notrfeag well and therefore it is
not always possible to produce the best mass spectra. The Villeadlow us to work
with these spectra, instead of repeating the experiment, which might not begossibl

The filters can be summarized as follow: Centroid, Window iiilterCentroid
and Window are typically designed by the same manner, with Cefitterthg previous
to Window filtering. These filters are equivalent of sliding adaw of a certain width
and keeping only the allowed numbers of peaks selected by inteaskywithin the
window. There are 2 parameters that are given for thes,fitamely, width which is the
width of the sliding window, and top, which is the minimum rank (inclusofepeaks
within the window, others will be discarded. For example, for Fodnansform (FT)
mass spectra that is collected in profile mode, a centraierifiy procedure with
width=0.1 and top=1, keeps the tallest peak in a given profile. Then widtexsid with
width=0.5 and top=2 keeps the top 2 peaks within every 0.5 m/z region. tic@r#ais
works as well as (if not better) than complicated centroidiggprahms that try to
“match” the peak obtained in a mass spectrum, in terms of speed and accuracy.

Rank filtering:this filtering keeps the peaks which intensity rank is béftizn the
user specified top parameter.

Isotopic filtering: this filtering takes advantage of the observation that most true

peaks also have isotopic peaks (resulting from the incorporatiof®aird C3) in the
mass spectrum. We can use this observation in two ways. Firsgnuequire all peaks
in the resulting spectrum after the filtering to have a suppprsotopic peak, keeping

only those peaks that have isotopic peaks and discarding them o¢héwisecond, we
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can remove the isotopic peaks only and still keep those peaks that kaveadsotopic
peaks. The first approach is more stringent and works weth&ss spectra that have a
lot of peaks, but it might filter out too many peaks in spectralwhiost true peaks do
not have isotopic counterparts. There are two parameters thaecset for this filter.
Error is the maximum distance in Daltons allowed between therimgrgal isotopic
peak and the computed peak for the experimental peak to be considasetbpic peak.
Ratio is the minimum normal peak to isotopic peak intensity ratiottfe pair to be
considered in this relation. For example, ratio=2 requires that dheisotpic peak must
have twice the intensity than its isotopic peak.

Water filtering: This filtering is very similar to the isotopic filtering, @t that it

evaluates normal peaks and their corresponding water losses, wfsteschal peaks and
their isotopic counterparts.

These filters are by no means the only computational methods teadecthe
complexity of a mass spectrum, but they are very effective in practice.

Peak tolerance: Peak tolerance filtering keeps the peaks with observed mass

within allowed mass difference between theoretical mass.

Symmetrization: Additionally, when the parent mass of a spectrum is known, the
complementary set of ions can be computed. We call this procedureesiypation of
the mass spectrum, and it can be done by creating a new pesdclodifference of the
parent mass and an experimental peak in the initial spectrutine lpest case scenario,
the number of annotations can be doubled by this procedure.

The filters, as well as the symmetrization can be appliechéospectrum in

different order yielding can be optimized to provide different resdlhe web interface
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will allow the user to select different filters, and generdynamically a preview of the

results.

Table 1.4: Filtering effect. Seglitide M$ spectra were analyzed by MS-CPA using
different parameters. The table shows the parameter setting andsaresydfis.

filtering parameters explainable ion intensity
centroid width,
top rank Symmetric cleavages  w/o NDSions  withS\ibns
A 01,1 100 Yes 30/30 64.87% 72.56%
B 1,1 100 Yes 16/30 81.69% 88.18%
C 01,1 30 Yes 12/30 82.49% 86.01%
D 0.1,1 100 No 22/30 64.87% 72.56%
A . B
o ‘ Let ‘t‘! L ';L“"',;.,l LTI = L'n M Jm o ‘m'n =)
3 c 3 D
|‘ | H| ‘ ‘ _ , | LL""L

Ll LT I -
o 2w am wn xa o ™ an u o e ax wan o aon

Figure 1.12: Filtering effect. Seglitide M$ spectra were analyzed by CAP using
different parameters. The MS-CPA output spectra were showed.
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MS-CPA Tutorial
This tutorial overviews the steps for using MS-CPA to analyodiccpeptides.

MS-CPA is available ahftp://lol.ucsd.edu/ms-cpa_v1/Input)py

This program currently is capable of handling .dta and .mzXMLféitenats as
this data format is becoming the standard format for repootirtgpositing mass spectra
and/or proteomic data-sdts spectrum inputs. Additionally, this program provides

several filters which can be selected to apply if desiredowetl by specify the residue

mass and sequence, and it is ready to go!

/5 Annotation Input Parameters - Intemet Explarer provided by Dell

X
Kol = htip:/rofl.ucsd.edu/ms-cpa vl /input.cgi w42 | & [ Googie 2~

N »
5% ¢t | @ Annotstion Input Parameters % v B v ® v |kPage v ) Tooks ¥

MS-CPA

Testcase Title

Testcase name

MS?2 File

Upload file Browse... | File Type: mzXML -
Optional parent mass (without the charge)

MS?2 Filters

Centroid Width Top

Window Width Top

Rank Top

Isotopic Error Ratio Mode remove -
Water Error Ratio Mode remove -
Symmetric

Tolerances

Annotation tolerance

Convolution tolerance

Done @ Internet | Protected Mode: On #,100% -

Figure 1.13: MS-CPA input setting.

Steps using seglitide spectrum as an example are described aqFotjore 1.13):

1. Simply specify a name for Testcase Title. In this case, we typed itideegl
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Upload a file either in .mzXML or .dta format.

If symmetrization is desired, specify the parent mass thetles generating the
complementary set of ions base on the input mass which should bacuoorate.
If not, MS-CPA will automatically pick up the experimental paremss for
symmetrization.

Choose filters that are desired to apply and specify the péeesn How each
filter function was detailed discussed in filters section.flfter is desired to add
in, users can click the box right behind the filter name and alsihgparameters.
In this case we choose centroid filtering- width 0.1, top 1; top- 208ppe- error
0.01, ratio 10, remove; and symmetric.

Tolerance specifies the allowed mass difference between obserass and
theoretical mass. In this case, since the seglitide spectasncallected using FT-

ICR, we set the annotation tolerance and convolution tolerance as 0.006.
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{2 MS-CPA. Annotation Input Parameters - Internet Explorer | /2 MS-CPA. Annotation Input Parameters - Internet Explorer |

ol © | http://roflucsd.edu/ms-cpa/input.cgi ol © | http://roflucsd.edu/ms-cpa/input.cgi
S 4t | @ MS-CPA. Annotation Input Parameters S 4t | @ MS-CPA. Annotation Input Parameters
Amino Acids Amino Acids
Letter Mass Letter Mass
1 A 110 1 A 71.03711
2 B 120 2 C 103.00919
3 C 130 3 E 129.04259
4 D 140 4 D 115.02694
5 E 150 5 G 5702146
6 F 160 6 F 147.06841
7 71 113.08406
8 8 H 137.05891
9 9 K 128049%
10 10 ™ 131.04049
11 11 L 113.08406
12 12 0 114.07931
13 13 N 114.04293
14 14 Q 128.05858
15 15 P 9705276
16 16 § 8703203
17 17 R 156.10111
18 18T 101.04768
19 19 w 186.07931
20 20 v 99.06841
21 21 ¥ 163.06333
| default | [reset ] default | [reset |

Figure 1.14: Input amino acid setting.

6. Then users need to specify residue masses. For the reasamatma cyclic
peptides contain unusual or modified amino acid, we leave the freedamseicr
to input the amino acid masses manuéHigure 1.14). Also, default standard

amino acids mass are provided by simply click the default bottom.
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- Intemnet Explorer provided by Dell

Kol = htp://rofl.ucsd edu/ms-cpainput.cgi

¢ @ () MS-CPA. Annotation Input Parameters =l % v B v dh v [2hPage v i Tooks v
4 D 11502694
5 G 57.02146
6 F 14706841
71 113.08406
8§ H 13705891
9 K 128.09496
10 M 13104048
11 L 113.08406
12 0 11407931
13 N 114.04293
14 @ 12805858
15 P 97.05276
16 s 8703203
17 R 156.10111
18 T 10104768
19w 186.07931
20 v 9906841
21 Y 163.06333
Sequence
Enter sequence (with above alphabet) AYWKVF
Waiting for http://rofl.ucsd.edu/ms-cpa/input.cgi... @ Intemet | Protected Mode: On H100% v

Figure 1.15: Input sequence and launch bottom.

7. Followed by specify the expected sequence and click annotate bM&GPA
will start to process input spectrum.

8. Users can monitor the running status by looking at the status bar ciydled ted
box (Figure 1.15). Usually MS-CPA takes a few seconds to a few minutes to
process data depending on the size of input file and the number of signals.

9. The outputs of MS-CPA are showedHigure 1.1.
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A continued study featurede novo sequence of Nonribosomal peptides has
recently been accepted for publication to Nature Method, 2009. Ng, Baajeira,
Nuno; Liu, Wei-Ting; Ghassemian, Majid; Simmons, Thomas L.; Gérwilliam;
Linington, Roger; Dorrestein, Pieter; Pevzner, Pavel. The tlaedi®or was the third
author of this paper.

Chapter 1, in full, is a reprint of the material as it appears in Andl@ivamistry,
2009. Liu, Wei-Ting; Ng, Julio; Meluzzi, Dario; Bandeira, Nuno; GuéeyrMarcelino;
Simmons, Thomas L.; Schultz, Andrew W.; Linington, Roger G.; Moore, Bredlg
Gerwick, William H.; Pevzner, Pavel A.; Dorrestein, PieteiTBe thesis author was the

primary investigator and author of this paper.



Chapter 11
Theinitial characterization of a ribosomally encoded antibiotic trifolitoxin

and its biosynthetic pathway
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2.1 INTRODUCTION

Natural products are a group of compounds found in nature sources and have
pharmaceutical values. Most of the natural products are seconégabatites of living
creatures playing important roles in chemical defense and cormationi. This group of
compound showed a broad range of activities; well-known examplésteaeycline and
penicillin, wildly used antibiotics; lovastatin, cholesterol-lowering agent; cyclosporine
A, an immunosuppressant drug used to prevent organ rejégtionicrocystins,
nodularins, toxins that can wipe out the entire fish&fieand taxol, curacin A, potent
cancer drugé®*

Today, more than 60% clinical drugs in use are, or inspired toyatg@roduct®
®7_ Although emerging combinatorial chemistry with advantages & éfficient and low
cost have once challenged natural product-based drug discovery appbmaetier, the
lack of novel chemistry coming from combinatorial chemistry approagking only one
compound (Nexavar) was brought up to clinical use by this m&Hadhe last decade,
with the growing knowledge and availability of genome sequencing lendhtreasing
number of drug resistant pathogenic microorganisms, natural produasrégained
interest.

In the present research, we focused on a natural product antibidalttoin
(TFX) which is a ribosomally synthesized, post-translationallydifred peptide
antibiotic that inhibits a specific group of organisms withindh@oteobacteri& °°. TFX
inhibits most strains odi-proteobacteria including nitrogen fixing symbiotic bacteria in
the generdrhizobium, Snorhiozbium and Mesorhizobium, plant pathogens in the genus

Agrobacteriumand animal pathoger®&sucel1a®® "%
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Mature TFX is one of the smallest, most active post-transldiyonzodified
antibiotic<®. It is reported that mature TFX has at least 4 isoformsrghadme molecule
weight, making structure characterization very difficult. TWwe imost abundant forms
are referred to as TFX1 and TFX2. TFX2 is far more active than TFX1, hatingfd 0
ng/ml while the Ki of TFX1 is 150 ng/fffl

The biosynthesis especially how the post-translational modificaitsion TFX
has merely been understood; most of the current assumptions ar@bdsehformatics
preditions. It was demonstrated that a cassette of genes, tBBBG is involved in
TFX production. These genes, when incorporated into a wide rang@roteobacteria
can confer the TFX production activity It is proposed that the structural gene, TfxA,
encodes TFX pro-peptide which then undergoes post-translational rabdifithrough
the actions of TfxB, TfxC and TH®"® TfxE is involved in TFX resistance while TfxG
is important in optimal TFX production through the production of TFX issth Mature
TFX molecules are modified form of linear peptides DIGGSRQ&CU¥mprising the c-
terminal 11 amino acids of TfxA. A study done by Scupham and Tirihlat use site-
direct mutagenesis approach identified six mutants D32A, 133A, GGB5A, S36A,
V41A still retain full TFEX activity. Therefore the TFX aeé sites were mapped to
RQGC regiof?. It is suggested that this antibiotic contains a UV-absortingneophore
derived from residues R37 and Q38 and a thiazoline ring formed fraduee€40G°.
Synthetic TEX peptide without posttranslational modification does not hatibiotic
activity 2.

In this current study, we first used tandem mass spectronwetigcalize the

modification sites and then adopt@dvivo reconstitution approach aiming to identify the
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actions of TFX modification enzymes. In tandem MS charact@izahigh accuracy
tandem MS were acquired, isotope feeding assay, as well as mutant andlysis aeae
performed to assist TFX structure characterization. Capture4df,® suggested
cyclization on G39, C40 forming thiazoline and eliminated the posgibilityclization
on G35, S36. Also, the losses of the other six hydrogens wereéuttd a more specific
residue Q38. Based on these findings we have proposed a prelirsinasture which
agrees well with all current evidences including NMR, UV abison, and fluorescence
features. In addition we have laid down the foundation to study thédnraf each of

the enzymes on the TFX gene cluster.

2.2 RESULTS and DISSCUSSION
221 Post-trandational modifications of TFX

Seven genes, tixABCDEFG are involved in TFEX production. The dese tfixA
encoded a 42 amino acid length peptide with its c-terminal lihoaatid similar to
matured TFX. The calculated mass of this 11-mer peptide is 1061.49238aw/haature
TFX was measured to have a mass of 1037.43488. After considerinmpsalible
chemical compositions, this 24.05751 Da difference is considered a&s lo$s8
hydrogens and 1 oxygen (0O ppm), which most likely was caused by a lasgeand
another three desaturations. Combined with NMR evidence obtained frioBEdison’s
lab, the most reasonable attribution of this water loss comes dy@miodehydration
which are often seen in natural products when cysteine or seratgacent to a glycine
residue. The mechanisms of this type of heterocyclization wak characterized.

Generally it is triggered by the nucleophile attack fromatkygen or the sulfur on serine
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or cysteine side chains to the neighboring carbonyl carbon gewethiazoline or
oxazoliné®. In many cases, thiazoline and oxazoline will further undergo démidand
introduce a double bond generating thiazole or oxazole structure. Avoslin example
is microcin B17 which undergoes extensive PTMs and yields 8 thiaz@razole rings
on its mature structure. In TFX pro-peptides sequence, one s@dnene cysteine were
found adjacent to glycine, both of these are considered as candidates for tHessater

To localize the PTM sites, mature TFX were subjected to T@api mass
spectrometry, and the resulting spectrum and fragmentation ionweig showed in
figure 2.1A, figure 2.2, and table 2.1. Observing b7 ion with losses of 24 Da originally
excited us since this suggest TFX may actually has an oxez@ther than previous
suggested thiazoline structure. We thus set up to perform alkyttperiments because
if cysteine is unmodified it will have a free thiol and will lable to be alkylated.
However, alkylation experiment did not support a free thiol structlinerefore, we
suspected b7 ion has an unknown rearrangement involved, thus showing at an unexpected
mass.

In the other hand, having observed y4 ion with 18 Da losses localizesatier
loss on G39-C40 residue, mostly possible forming a thiazoline steucdthrs ruled out
the possibility of forming oxazoline on G35-S36 and also revealedhisanbdification
do not undergo further oxidation after cyclodehydration. lon fragmentatap Figure
2.2) localized the other 6 Da losses to S36-R37-Q38 region. To confirantiaations
of the molecular formulas of these ion fragments, we conducted Mdllhfeexperiment.
The way we used the N15 to confirm the annotation is by first ginegithe number of

nitrogens presented and then matched the mass shift correspondiveg tamber of
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nitrogens. The resulting spectra of the N15 feeding experiment anthlds were
showed infigure 2.1B andtable 2.2. All ions were shifted by expected mass and their
correctness was validated.

MS data inferring that mature TFX has thiazoline structarenlighting and
suggests that S36 is not involved in cyclization. If no other PTéflom Serine 36, it
should be able to be fragmented. However, no fragments were obserthes fegion
leaving the possibility that the serine may has some sort of icettechhs or its the
peptide property making it hard to be fragmented. We suspected rebiglnges in the
pro-peptide sequence should change the fragmentation patterns and main help
identifying more informatics cleavages. Scupham et al., in 2006 doa® site-
mutagenesis to each residue on TFX pro-peptides, we anticipatssl gtrains will help
in characterization of TFX structure. We obtained these strfmora the Triplett
laboratory, isolated the mutant analogs and subjected the TFX analdfS, and the
resulting spectra and annotations tables are showieguire 2.1 C, D, E andtable 2.3.
Some of the mutant TFX analogs yielded much richer fragmentagspscially having
observing y4 (-18) and b9 (-24) ion provides robust information that the |dss D& is
at G39-C40, again pointing to the thiazoline formation. Most interegtirggivering
series ions from y4 to y8 makes the localization of the loss @& 6 a more precise
position R37-Q38. This also suggested that TFX contain unmodified amide bond between
S36 and R37. In here, using tandem MS, we successfully loc#igedodification sites

(figure 2.2) and provided important piece of structural information.
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Figure 2.1: Tandem M S analysis of TFX and its mutant analogs. A: MS/MS spectra
of TFX obtained by OrbiTrap MS. B: LTQ MS/MS spectra of agted TFX grown on
N15 labeling media. C, D, E: LTQ MS/MS spectra of TFX mutantagsaS36A, S36Y,

D32A, respectively.
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Table 2.1: Summary of the ions observed in TFX MS/MS spectra obtained from
OrbiTrap (related to figure 2.1A).

charge  Observed ion Observed Mw  Theoretical Mw tdel ppm

*TEX 2 519.7224 1037.4302 1037.43488 -0.0046  474.
*TFX-H,0 2 510.7172 1019.4198 1019.42431 -0.0045 -4138
*TFX-2H,0 2 501.7122 1001.4098 1001.41375 -0.0039 -3.p0
*H10 1 949.3911 948.3838 948.38720 -0.0034 -3.p6
*H10 2 475.1989 948.3832 948.38720 -0.0040 -4.18
*10-H,0 1 931.3803 930.3730 930.37663 -0.0036 -3.p8
*10-H,0 2 466.1936 930.3726 930.37663 -0.0040 -4.p9
*H9 1 850.3228 849.3155 849.31878 -0.0033 -3.84
*h7 1 690.2926 689.2853 689.28814 -0.0028 -4.09
b2 1 229.1175 228.1102 228.11101 -0.0008 -3.446
*y9 1 810.3285 809.3212 809.32387 -0.0027 -3.p7
*y9 2 405.668 809.3214 809.32387 -0.0024 -3.00
*y9-H,0 1 792.3181 791.3108 791.31331 -0.0025 -3.L5
*y8 1 753.3073 752.3000 752.30241 -0.0024 -3.18
*y7 1 696.2858 695.2785 695.28094 -0.0024 -3.48
*al0 2 461.2003 920.3860 920.39228 -0.0062 -6.[78
*al0-H,0O 2 452.1964 902.3782 902.38172 -0.0035 -3.B6
a2 1 201.1226 200.1153 200.11609 -0.0008 -3B5
y4-H,0 1 331.1425 330.1352 330.13618 -0.0010 -219
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Table 2.2: Summary of theions observed in LTQ MS/MS spectra of extracted TFX
grown on N15 labeling media (related to figure 2.1B).

charge N14 ion Formula Nitrogen Expect ion Signal

number observed
Intact TFX C41H71N15016S

TFX 2 519.7224  C41H63N15015S 15 527.22 +
TFX-H20 2 510.7172 C41H61N15014S 15 518.22 +
TFEX-2H20 2 501.7122 C41H59N15013S 15 509.22 +
b10 1 949.3911 C38H56N14013S 14 963.39 -
b10 2 475.1989 C38H56N14013S 14 482.20 +
b10-H20 1 931.3803 C38H54N14012S 14 945.38 +
b10-H20 2 466.1936 C38H54N14012S 14 473.19 +
b9 1 850.3228 C33H47N13012S 13 863.32 +

b7 1 690.2926 C28H39N11010 11 701.29 +

*H2 1 229.1175 C10H16N204 2 231.12 +
y9 1 810.3285 C31H47N13011S 13 823.33 +
y9 2 405.6680 C31H47N13011S 13 412.17 +
y9-H20 1 792.3181 C31H45N13010S 13 805.32 +
y8 1 753.3073 C29H44N12010S 12 765.31 +

y7 1 696.2858 C27H41N1109S 11 707.29 -
alo 2 461.2003 C37H56N14012S 14 468.20 +
al0-H20 2 452.1964 C37H54N14011S 14 459.20 +

a2 1 201.1226 CI9H16N203 2 203.12 +
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Table 2.3: Summary of ions observed in LTQ MS/MS spectra of TFX mutant
analogs S36A, S36Y, D32A (related to figure 2.1C, D, E.)

strain S36A S36Y D32A
calMw obsMw error| calMw obsMw erro calMw ©Mw error
bl 115.03 - - 115.03 - - 71.04 - -
b2 228.11 227.99 -0.12 228.11 22799 -0.]2 184.1283.99  -0.13
b3 285.13 285.08 -0.05 285.13 285.08 -0.p5 241.1441.0B  -0.06
b4 342.15 342.08 -0.071 342.15 342.08 -0.p7 208.16 98.08  -0.08
b5 429.19 - - 429.19 - - 429.19 - -
b6 585.29 - - 585.29 - - 585.29 - -
b7 691.35 673.26  -18.0 783.38 765.35 -18]02 663.3%45.26 -18.09
b8 730.37 - - 822.40 - - 702.38 - -
b9 833.38 833.35 -0.03 92541 92535 -0.05 805.3905.28 -0.12
b10 932.45 932.08 -0.371 1024.48 102444 -0p3 $04.4904.44  -0.01
b1l | 1003.49 - - 1095.51 - - 975.49 - -
yl 89.05 - - 89.05 - - 89.05 - -
y2 188.12 - - 188.12 - - 188.12 - -
y3 273.13 - - 273.13 - - 273.13 - -
y4 330.15 330.08 -0.06] 330.15 330.17 0.3 330.15 0.133 0.03
y5 452.21 - - 452.21 - - 452.21 - -
y6 608.31 608.35 0.05 608.31 608.26 -0.04 608.31 8.0 -0.04
y7 679.34 679.26 -0.08) 77137 77135 -0.2 695.34 95.%  -0.08
y8 736.36 736.26 -0.10} 828.39 828.35 -0.04 752.36 52.26  -0.10
y9 793.39 793.26 -0.12] 88541 885.35 -0.06 809.38 09.3  -0.03
y10 906.47 - - 998.50 - - 922.47 - -
yll | 1021.50 - - 1113.52 - - 1017.50 - -
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Figure 2.2: Fragmentation map of MS/IMS spectra derived from TFX, and its
mutant analogs.

Although localization of 6 hydrogen loss on glutamine is quite excitihg
complete structure characterization of TFX still requires mioi@mation. In fact, the
isolation of TFX can be traced back to 20 years ago and has bemptat by at least 5
labs on three continerifs Since that, lots of efforts have been done on TFX
characterization, including full NMR characterization, site-direct gernasis, transposon
mutagenesis, gene deletion and so on, but the complete structamsramsolved.
Nonetheless at this time it is possible to forward a candidate structure.

Figure 2.3 showed the UV absorption and emission profiles of TFX. Besides
thiazoline, the chromophore were showed to have the maxium UV abserlt 302nm
and emission at 393nm which belonged to a purple-blue visible light regimisting
with the observation of blue fluorescence. This UV absorbance and @ianeefeatures

suggested that the chomophore should have extensive conjugated double bond system.
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Figure 2.3: UV absorption and emission profiles of TFX. Emission spectra was
obtained by excited TFX at 302nm.

Based on NMR characterizaiton done by Max Tate (The Uniyes§iAdelaide-

Australia), Art Edison (University of Floridia), Victor RumjdnéUniversidade Federal

Rural do Rio de Janeiro UFRRJ, Brazil), and a series of disogsbetween Triplett's

lab and Jodie Johnson from University of Floridia, we forwarded twalidate TFX

structures. These are showrfiigure 2.4 (compound 2, 3). However, since we observed

the cleavage between S36 and R37 suggesting the peptide backbone cotimesgingo

residues are unmodified. Therefore, we antipicated that compound e dikaly to be

the mature TFX structure. This structure is consistent witthalktructural data thusfar

obtained for TFX.
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Figure 2.4: Proposed TFX structure. Compound 1 is the unmodified TFX peptide
sequence. Compound 2 and 3 are proposed TFX structure candidates.
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2.2.2 Bioinformatics analysisof TFX gene cluster

The above structure is a proposed structure and needs to be solicieefore,
we aimed to go in structure elucidation from a different anfjle.anticipated that if we
can pinpoint the biosynthetic mechanism of TFX that it would help inrgtadeling how
this molecule was modified and would refute or solidify the structural annat&ostart
this part of work we performed a detailed biosynthetic analysiBeofienes proposed to
be involved in the biosynthesis of TFX dble 2.4). TFX is a ribosomally encoded
peptide antibiotic. Generally, a biosynthetic gene cluster foosomally encoded
peptides are composed of a structure gene, and other genes resgonsiblaunity,
export, and PTMs. TfxA has the last 11 amino acid similar taureatFX thus was
suspected to be the structure gene which encodes for TFX jptidgpdt contains a 42
amino acids leader peptide which will be cleaved during TFEX matar@rocess. The
timing of when the leader peptide is removed and the function oé#lgdel sequence are
still unknown. Processing a leader sequence is often seen in ribosmraded
antibiotics or toxins. Generally, it isvolved in stabilization of the antibacterial peptide
by preventing intracellular degradatidracts as a chaperone folding the molecule so that
it is recognized by the maturation machif&rpr serves as a recognition sequence for

the maturation or export machinefiesTFX leader sequence may take similar functions.
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As for the tailoring enzymes, the C-terminal end three géhd3CF) that have
25-34% identity, 37-51% similarity to NADH oxidase appear to h&liciates. These
three genes are highly homologous to the mcbC enzyme responsibiediation of the
thiazoline/oxazoline to thiazole/oxazole in microcin B17 systemcfranism showed in
scheme 2.1A and C). Although mcbC-like dehydrogenase is a conserved enzyme in
natural products, having three genes that are encoded for mcb@ehkerogenase in
biosynthetic gene cluster is uncommdfigure 2.5 showed a few well known gene
cluster that contain genes homolog to either tfxB, tfixC or tfxFedtigating the mature
products of these gene clusters, one can easily found that all tléseules contain
thiazole or oxazole moiety F(gure 2.6). However, no clues showing that
thiazole/oxazole structures were involved in TFX mature strectiiherefore, we
suspected that tixBCF may be a new class of enzyme thespsnsible for catalyzing
reaction other than thiazole/oxazole formation. Since there dba @osses in TFX
maturation which correspond to three oxidations, these three genepossiljle each

catalyze an oxidation introducing a double bond and cause a loss of 2 hydrogens.
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Scheme 2.1: Thiazole/oxazole formation pathway. A: Outline of thiazole/oxazole
formation pathway. B: Mechanism of heterocyclization of serine #mé@onine
generating thiazoline and oxazoline. C: Further oxidation gextelat a FMN dependent
pathway to create thiazole/oxazole.
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» MchC-like dehydrogenase ’ Other PTMs . immunity others

Figure 25 Representative biosynthetic gene clusters that producing
thiazole/oxazole-containing peptides.
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Figure 2.6: Known matur e thiazole/oxazole-containing peptide structur e encoded by
the gene clusters shown in figure 2.5.

TfxD is a membrane protein and is predicted to have 11 transmendwarsens

based on a transmembrane predictor server (E9A8)e suspected TfxD is a membrane

protein that possible work as molecule pump and responsible for TfikeX and may
also associate with immunity. In most microcins system, at l@@ membrane protein
were encoded as export system, such as ATP transportaciacim B17, microcin J25;

and multidrug efflux transporter for microcin C7/C51. In some mioaaystem, an
ATP-binding transporter with photolytic domain was found. These typeseofibrane

proteins are responsible for export as well as leader pepticdes/al. Therefore, in here,
we suspected TfxD can act as an exporter and also leaves gsiat it may

associated with leader peptide removal.
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The left two genes, tfixE and tixG were once thought to be involre@FX
resistance and immunity based on bioinformatics analysis. Tox@Eins a eukaryotic-
type serine/threonine kinase motif and is highly homolog to aminoglycoside
phosphotransferase. Aminoglycoside phosphotransferase are associatedthevit
deactivation of aminoglycoside type antibiotics such as kanamycikaaimj gentamicin
and neomycin. It inactivated the antibiotics by phosphorylation. Alsepart showing
failure of getting viable phenotype with tfxE or tfxF ingantby transposon mutagenesis
also pointed that both tfixE and tfixG are immunity géhddowever, later on a deletion
studies done by removal tfixG gene showed no effect on TFX mesgstenereas deletion
of tfixE reduced the strain’s resistance to exogenous’TFX¥xG were then found to
involve in TFEX isomer formation.

Although tfxE were demonstrated to be immunity gene, a bioinformatics
searching of tfxE revealed it belongs to YcaO superfamilyis Tamily is recently
classified as a potentially cyclodehydratase (mechanism shiovgeheme 1A and 1B)
and are likely to catalyze the conversion of all 6 cysteingbdrthiocillin backbone to
thiazole ring&". This family of enzyme is also found in streptolysin S genetené§

This homolog leaves the possibility that TIXE can also be a cyclodehydratase

2.2.3 Invivoreconstitution

Bioinformatics analysis provides putative assumptions that eachgeR¥ may
be function as. To decipher the actions of each biosynthetic generaljg two
approaches are being used (outline figure 2.7). Using in vitro strategy, TFX

complementation is conducted by incubating TFX precursor and tgilenimymes alone
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with some cofactors. Fan vivo strategy, precursor-encoding gene is co-transformed
with tailoring enzyme gene or genes. TFX processing can be nexhiby the mass

changes using mass spectrometry

In -vitro In -vivo
®;
cofactors
W TFX precursor
@ THX
_. °
- E.coli BL21 E.coli BL21
Processed TFX TFX precursor Processed TFX

Figure 2.7: Outline of in vitro and in vivo approaches of TFX complementation
studies.

Traditionally, scientists tend to purified out gene products andimsatro
reconstitution approach to pinpoint the action. Althougkitro reconstitution approach
benefits in having more control to the reactions which enable kiaetiaegio-selection
characterization, however, one needs to be able to predict tetarsfbeforehand. Since
the understanding of TFX are still at early stage, havingpmabttle clues about the
reactions, not to mention figuring out the corresponding cofactorseiveus to usen

vivo reconstitution approaches and adegbli as a heterologous host system.
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We suspected that each TFX gene may carry out a biosynttegiioisat least
some genes in TFX biosynthetic gene cluster is capable of tdlkXgpro-peptide as
substrate and work independently without coordinating other TFX gene products.
Enzymes that are capable of working alone were found in PKS an& Ey@gem as well
as ribosomally encoded peptides. For example, in microcin C7/C&ngystccB alone
is capable of adenylating C7-C51 propeptidesnd mccD alone is responsible of
transferring of propylamine on the phosphate group of mccB modified pe@FAc
MccC52* Thus, we designed an experiment to pinpoint the action of each geéon T

pro-peptide. The strategies were outlinefigure 2.8.

T7 promoter

pET-28a

T7 promoter T7 promoter T7 promoter
Hisg Hisg His,
GST GST GST
pGS-21a TfxB pGS-21a THC pGSs-21a TixD
Amp Amp Amp
T7 promoter T7 promoter T7 promoter
His, His, His,
GST G5T GST
pGS-21a TiE pGS-21a T pGs-21a HG E.coliBL21
Double selection with Kan and Amp
Amp Amp Am

Figure 2.8: Outline of trifolitoxin in vivo reconstitution studies. TfxA was subcloned
to a pET-28a plasmid, whereas other TFX gene was each assemlided pGS-21a
plasmid. Two plasmids were co-transformed and the cellsstiatessfully carry both
two plasmids are selected by containing both antibiotics markers.




66

TFX biosynthetic genes were amplified from a TFX borne plasmid pXKT
obtained from the Triplet laboratory using Pfu polymerase, and thdtingg DNA
fragments were analyzed by agarose gel to check theDNAtsize Figure 2.9). TfxA
was subcloned to a pET28-a plasmid carrying a MBP tag on its C-terminalrendthier
TFX genes were each subcloned into a pGS-21a plasmid. Plasmid28pEand pGS-
21a contain different origins of replication and different saeleamarkers; therefore can
be maintained together in the sambecoli cell. TfixA and each TFX gene were co-

transformed td. coli BL21 (DE3) and the gene products were co-expressed.

Ladder tfxA tfxB tfxC tfxD tfxE tfxF tfxG

1000 kb
500 kb

Figure 2.9: PCR amplification of TFX biosynthetic genes.

Expressed proteins were analyzed by SDS-PAGE showkduire 2.10. Except
TfXA, all the other TFX gene products, when expressed alone kdyhigsoluble.

However, it is observed here TfxB when co-expressed with ;Th&omes soluble
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suggesting there are some interactions between these twanproin our previous
expression tests, TfxA is highly soluble; howeviegure 2.10 shows that when co-

expressed with other TFEX proteins, the solubility decrease drastically.

A A+B A+C A+E A+F A+G
Marker S P S P S P S P S p S P

I

72kD - W 87210 = C6710
£57kD T

E55kD
—
AS0KD !'ASOkD "ASOkD -EASUkD | — A50kD ! AS0KD
| . .

. - - 4l -

48 kD

Figure 2.10: SDS-PAGE analysis of co-expressed proteins. A: TfxA was expressed
alone. A+B, C, E, F, G: Co-express TfxA with TfxB, TfxC, TiXExF, or TfxG. S
represents the supernatant portion of the protein homogenous solutiosoaftation
which suggesting the soluble portion. P represents the re-suspegitigetllet of the
protein homogenous solution after sonication which suggesting the insoluble portion.



Table 2.5: Co-expression status of TFX biosynthetic gene products.
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Clones Expression Vector Resistance Expression Glycerol
cell property stock
tixAX BL21(RIPL) MBP-pet28 Km Soluble Yes
(DE3)
tfixB” BL21(DE3) PGS-21a Amp Insoluble Yes
tixA*+B* BL21(DE3) MBP-pet28 | Km + Amp soluble Yes
PGS-21a
tixA+C* BL21(DE3) MBP-pet28 | Km + Amp Insoluble Yes
PGS-21a
tixA+D* BL21(DE3) MBP-pet28 | Km + Amp Sequence Yes
PGS-21a confirmed,
No expression of
ttxD
tixAK+EA BL21(DE3) MBP-pet28 | Km + Amp Insoluble Yes
PGS-21a
tixAK+F* BL21(DE3) MBP-pet28 | Km + Amp Insoluble Yes
PGS-21a
tixAK+G* BL21(DE3) MBP-pet28 | Km + Amp Insoluble Yes
PGS-21a




69

To check if TfxA is modified by these biosynthetic gene productsA Meas
purified out by amylose resin. After digested with thrombin, 200 ug BPMTfxA were
subjected to HPLC separation and analyzed by FT-MS. MBP-Highe was also
transformed and followed by same preparation method and subjectedM® BB a
control.

MBP-TfxA subjected to thrombin digestion was predicted to yield ethre
fragments by cleaving at the two red arrow position (LVPR) $b®wn infigure 2.11B.
Figure 2.11A shows the HPLC trace of MBP-TfxA, the most abundant peak at around 23
min was demonstrated to be the MBP moiety by FT-MS anal{8gure 2.11C).
However, HPLC revealed more than two fragments other than MBRtyNdVIS
characterization found five fragments and later on the cause wasimed to an
unknown protease that cleave at the two alanine located at Gxééportion (showed as

blue arrow) thus yielding two extra fragmerfigre 2.11B).
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Figure 2.11: MS characterization of E.coli expressed MBP-TfxA. A: HPLC trace of
purified MBP-TfxA. B: Expression sequence of MBP-TfxA. C: Mi&aracterization of
HPLC fraction eluted at 23 min and was mapped to the MBP portibncleiavage at the
two thrombin recognition site. D: MS characterization of HPLCtfoms eluted at 18 to
20 min.
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The C-terminal part fragments with a calculated mass of 3746 avealyzed by
FT-MS. This peptide was observed in +5 state (750.44 m/z), +6(6&28eb3 m/z), +7
state (536.31 m/z), and +8 state (469.40 nFryure 2.12). MBP-TfXA purified from
E.coli that harbored other TFX gene was analyzed by same proceduretubately, no
interesting modifications were foun#figure 2.13). A few reasons may account for this
unsatisfying result. One possible reason is that TFX moddicanzymes need to work
cooperatively to carry out certain biochemical transformationsh Syghenomenon has
been observed before. In microcin B17, although McbB was responsible for
cyclodehydration whereas McbC is in charge of oxidation to forazdihe and oxazole,
however, their function was abolished when tested individually. Anotherbgdigsis
that the 7 genes of the TFX gene cluster is not sufficient k@ m&X and that there are
other genes or factors involved in TFX biosynthesis that are conserctusely related

strains but are not presentkrcoli.
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Figure 2.12: FT-M S characterization of the c-terminal end region of TfxA.
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Figure 2.13: FT-M S analysis of TfxA which was co-expressed with TFX biosynthetic
gene products (specify on upper-left corner). MBP-TfXA was co-expresséith WFX
genes. After MBP affinity column purification and HPLC separat fractions that
contained TfxA c-terminal end were analyzed by FT-MS.

Before stepping into co-expressing of combination of TFX biosyntigethes to

eliminate the concern th&coli may not capable of acting as a heterologous system for

TFX biosynthesis studies, we set out to assemble and expreaks alFX biosynthetic

genes in ond.coli cell. This approach was proposed and its feasibility was proyed b

Watanabe et al.,

in 2086 By introducing all the biosynthetic involved genes of

echinimycin toE.coli, they were able to retrieve mature echinomycin from expression

culture. To avoid the toxicity during the gene construction, we desigseidwo separate
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plasmids, one carries tfixA gene, and the other carries tixBGDgdhes. Since this is a
heterologous expression, we manually introduced T7 promoter, ribosome baiteing
and T7 terminator alone with each TFX gene. This construct wakilbargepared by

Dr. Yu-Quan Xu (PostDoc fellow, Dorrestein Lab). The assemblyxdfGEDFG was
showed infigure 2.14. First, this plasmid was subjected to PCR using corresponding

primers to check successfully incorporation of all TFX biosynthetic gé&ingsr e 2.15).

pACYCDuet-1

pET 28-a
. T7 promotor Ribosome binding site . T7 terminator . His-tag

Figure 2.14: Assembly of TFX biosynthetic gene cluster.

After confirming the incorporation of TFX genes, protein expressios® \irst
checked by transforming plasmid that contain single TFX gemes{ructs that carrying
each gene before assembling together), and the expression resalshoweed irfigure
2.16A. It can be noticed that TfxB, C, E, G showed correct sizeceipr@xpression.
TfxD and TfxF did not show protein expression. TfxD is a membraoteiprand may be
the reason that hinders it to be expressed. Since in our assumptidns Thore likely to
be involved in TEX export and our primary goal is to understand the Pfistgfore, we
suspect the failure of expression TfxD will not hamper PTM attarization. We are

more concerned about the expression of TfxF, but since the seqfansertion genes
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are checked and the incorporating of genes is confirmed, at curmentwe cannot
explain why tfixD and F were not expressed. Thus we moved fdni@m the co-
expression of TFX gene clustdfigure 2.16B was done by co-transformed TfxA and
TIXBCDEFG plasmids. Red box highlighted TfxA position and blue boxededi the
other TFX proteins. Unfortunately, TfxA seems not very soluble thissneaable to be
purified out. Currently, we are trying to put a MBP tag in fronTBbfA since this tag can
increase the solubility of the expressed proteins. Once we gebtisruct we can purify
out TfxA and look for PTMs by mass spectrometry. We are alsmiplg on doing target
identification. Since TFX is a fluorescence molecule, thisufeatan be used to localize

its distribution on living cells.

A-B C D E F G

PT2TFXK tfxA, 142 bp

tfxB, 1134 bp
tfxC, 1086 bp
tfxD, 1264 bp
tfxE, 777 bp
tfxF, 799 bp

pTFXBCDEFG
tfxG, 786 bp

Figure 2.15: PCR check for successfully insertion of all TFX biosynthetic genes.
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Figure 2.16: Expression of TIXABCDEFG. Panel A was done by transforming and
expressing separate gene to check the protein expression. TfB 3Cshowed protein
expression at the right size. TfxD and TfxF did not show protginession. Panel B was
done by co-transforming TfxA and TfxBCDEFG. Red box highlighteel TfxA and
Blue box circled the other TFX proteins. S represents the supetnadrtion of the
protein homogenous solution after sonication which suggesting the solulilenpé&t
represents the re-suspended cell pellet of the protein homogenouonsafiter
sonication which suggesting the insoluble portion.
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2.3 EXPERIMENTAL SECTION
Strains growth condition

Rhizobium strains were cultured on Bergersen's synthetic media (BSM)
(Bergersen 1961) containing 15 g agar/L. Selection antibiotics karmar&@cjig/ml or
tetracycline 1.25 pg/ml were added to solid meHsgherichia coli strains were grown
on Luria-Bertani medium. Antibiotics were used at the following cotmadons:

kanamycin 50 pg/ml; ampicillin 100 pg/ml; and chloramphenicol 25 pg/ml.

Sample preparation Mass spectrometry

MALDI-TOF MS spectra was generated by scraping approxisndid colony
directly from agar plate and spotted on MALDI plate. All samplese analyzed by
mixed with Jul of matrix formulated by 35mg/micyano-4-hydroxycinnamic acid and
15mg DHB solubilized in 78% acetonitrile, 1% TFA. The samples weadyzed by
MALDI-TOF mass spectrometer (Bruker). For lon trap, Orplend FT-MS analysis, a
10 uL sample was desalted with C18 ZipTip pipette tips (Millipof@)jowing the
manufacturer's protocol, diluted to 10 in 50:49:1 MeOH/HO/AcOH, infused by
nano-electrospray ionization with a Biversa Nanomate (Advion Biesys Ithaca, NY)
(pressure: 0.3 psi, spray voltage: 1.4-1.8 kV) and analyzed by Finnig@sS, LTQ-
OrbiTrap-MS, and LTQ-FTICR-MS, respectively (Thermo-Elect@arporation, San
Jose, CA) running Tune Plus software version 1.0 and Xcalibur softeesienw 1.4 SR1.
For MS2 experiment, the interested ion was isolated in the lioedrap and fragmented

by collision induced dissociation with a isolation width 3-5 m/z antiscmh energy of
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15 (activation q: 0.25; activation time: 100ms). MS/MS scans were radqand

averaged using QualBrowser software (Thermo).

Preparing of tfx constructs.

TfXA gene was amplified from plasmid pT2TFXK using Pfu polymerasd the
following primers: Forward 5- AAGGATCCATAATGGATAACAAGGTTE@GAAG
AATGTCG -3'. Reverse 5- AAGCGGCCGCATATTAAGCGACGCAGCAGAC -
3. The amplified fragment was digested with BamHII and Notl doded into MBP-
pPET28a to generate plasmid MBP-tfxA. The other tfx genes amamified from plasmid
pT2TEXK in similar manners using the following primers:
tixB
Forward 5 AAAAGCTTATAATGGACTTCGTCCAACGATTCG 3
Reverse 5 AACTCGAGATATCAATCATGGTGGTTCTCG 3
tfixC
Forward 5" AAAAGCTTATAATGATTGAACTGCGCCCGCTTC 3
Reverse 5’ AACTCGAGATACTAGCCTGCCGTGACGAGATAAAGC 3
tixD
Forward 5° CGACAGATCTAGCATGAGCGACGAAAACCA 3
Reverse 5 GGTGCTCGAGGGTTTATCTGTTCGGTAGTGC 3’
tixE
Forward 5 AAAAGCTTATAATGCACTACCGAACAGATAAACC 3
Reverse 5 AACTCGAGATATCATGAATAACTCACCGCCTGTATC 2

tixF
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Forward 5 AAAAGCTTATAATGAGAGCAAGCAAAACACC 3
Reverse 5" AACTCGAGATACTATGGATTAAATCCATCAACG 3
tixG
Forward 5 AAAAGCTTATAATGAATGATGAGATTTGCCTGAC 3
Reverse 5 AACTCGAGATACTATGCCAGCGCTGCTTC 3
The amplified fragment of tfixD was digested with Bglll andoXwhereas other
TFX genes were digested with BamHI and Xhol, all these gepes cloned into pGS-

21a to generate plasmid tfxB, tfxC, tfxD, tfxE, tfxF, tfixG.

Protein Expression and Protein Purification

MBP-tfxA plasmid were pre-mixed with other TFX gene plasnaid co-
transformed intcE. coli BL21(DE3). Colonies contain both plasmids were selected by
plating onto LB-agar plates containing 100 pg/ml ampicillin, and Sénukanamycin
and then subcloned. 5ml overnight cultures were used to inoculate 1L ohedia
supplied with ampicillin and kanamycin which was grown to an OD600 o0.8.&t 37
°C. The cells were induced with 50mg/L IPTG and grown overnight at 1K€ cells
were harvested by centrifugation and resuspended in 20ml buffer ANBUris, pH 7.5,
500 mM NaCl, 2.5% glycerol 0.5 mM TCEP). After sonicate for 2min (2s on, 2s off), and
cellular debris was removed by centrifugation. The supernatast applied to an
amylose column (2 mL resin/L of cultured cells) pre-equililmrateth buffer A. The
column was washed with 20 column volumes of buffer A, and then the protein was eluted
with buffer B (50 mM Tris, pH 7.5, 150 mM NacCl, 2.5% glycerol 0.5 mM TCHEFMM

maltose). Fractions were analyzed by a pre-casted 4-12% PAGEGel.
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