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Chapter 1

Phase Separation Mediated by Tyrosine-Rich and Arginine-Rich Polypeptides Is Promoted

by Hydrogen Bonding but Not Cation-m Interactions

Portions of this work have been published for publication in Journal of the American Chemical

Society.

Graphics were prepared using Microsoft PowerPoint, GraphPad Prism, ChemDraw, and ImageJ.



1.1 Abstract

Liquid-liquid phase separation (LLPS) plays an important role in many cellular processes. The
RNA-binding protein Fused in Sarcoma (FUS) has been shown to mediate phase separation
through attractive interactions between the tyrosine-rich N-terminal domain and the arginine-rich
C-terminal domain. Cation-m interactions between Arg and Tyr side chains have been proposed as
a driving force for condensed phase formation involving FUS and related proteins. To explore this
hypothesis, we developed a two-component system comprising a long Arg-rich FUS fragment,
generated via heterologous expression, and a short Tyr-rich peptide, generated via chemical
synthesis. Phase separation occurs when these components are mixed at low concentrations (5 pM
each). Global replacement of Tyr with noncanonical residues allowed us to interrogate the role of
the phenolic side chain in driving the polypeptide assembly that underlies condensed phase
formation. The results suggest that cation-n interactions do not make a major contribution to inter-
peptide attractions in our model system. Instead, the H-bond donor properties of the Tyr side chain

hydroxyl appear to play a central role in driving phase separation.

1.2 Introduction

Spontaneous formation of condensed phases mediated by biopolymers is now increasingly
recognized as a wide-spread phenomenon within cells!® These processes, which include liquid-
liquid phase separation (LLPS), facilitate the formation of highly concentrated compartments in
which macromolecular assemblies serve as scaffolds. One defining feature of these condensed
phases is their ability to recruit or exclude specific molecules.®"!° This molecular sorting helps
regulate cellular functions: clustering of specific proteins and/or nucleic acids appears to facilitate

key physiological processes, such as ribosome assembly, RNA splicing or transcription.! The



functionality of cellular condensates arises in part from the ease with which molecules can
exchange between fluid “membraneless organelles” and the surrounding medium.?? The absence
of a defining lipid bilayer enables dynamics in another dimension as well: condensates can form
and dissipate rapidly in response to diverse chemical or physical cues, allowing the cell to regulate

its internal environment.*

Assembly of macromolecules in a manner that allows intra- and intermolecular dynamics
requires a delicate balance of noncovalent forces. Formation of the macromolecular network that
constitutes the condensate scaffold must be sufficiently favorable in terms of free energy to
overcome the loss of translational entropy upon concentration, but interactions among the
macromolecules should not be so strong as to cause formation of a gel or solid. Network formation
can be stabilized by intrinsic intermolecular attractions, release of ordered water molecules and/or
release of counterions. Some biomolecular condensation processes are mediated at least in part by
interactions involving two or more polyvalent proteins that contain multiple modules with specific
and complementary recognition properties.!® Many condensation phenomena, however, arise from
inter-actions involving much smaller molecular fragments, such as individual amino acid residue
side chains.!!'"!® The attractions that drive this latter form of assembly remain a subject of active

inquiry.!%!” The studies described here were intended to provide insight on these forces.

Efforts to understand the noncovalent forces that mediate formation of membraneless
organelles are important because this type of intracellular assembly has been associated with
various diseases.®”!® Fundamental insights on the intermolecular interactions that drive LLPS and
that influence the evolution of condensed liquid phases toward more ordered phases will lay a

foundation for efforts to modulate biomolecular associations for therapeutic purposes.



The protein Fused in Sarcoma (FUS) has received considerable attention in studies of
biopolymer-mediated LLPS.!®2° Condensates scaffolded by FUS facilitate key physiological
functions of RNA including translation and splicing. FUS is regarded as representative of a large
family of proteins with related functions. Characteristics of these proteins include intrinsic disorder
over much of the sequence, and specific domains that are rich in either tyrosine or arginine.'® In
the case of FUS, associations involving the C-terminal Arg-rich domain, and the N-terminal Tyr-
rich domain appear to drive LLPS; phase separation is maintained even if these domains are not
covalently linked. These associations have been attributed to cation-m interactions between

19,20

guanidinium groups in Arg side chains and aromatic rings in Tyr side chains; additional

possible contributions of these side chains have been more recently suggested.!®

The studies described here test the cation-m hypothesis in the context of phase separation
mediated by Arg-rich and Tyr-rich polypeptides. Our experimental system was designed to allow
evaluation of noncanonical side chain replacements for the phenol unit in tyrosine. This approach
was inspired by incisive studies that have evaluated interactions between specific cation/aromatic
pairs in discrete ligand-protein complexes.?!~%° In such cases, genetic code expansion via amber-
suppression methods allows biosynthesis of proteins in which a single native aromatic side chain
at a specific site is substituted with a non-canonical side chain. For example, Tyr, which bears an
electron-rich aromatic ring, can be replaced with a noncanonical residue bearing an electron-poor
aromatic ring, such as 3,4,5-trifluorophenylalanine (F3Phe). An authentic cation-n interaction will
be impaired or abolished upon Tyr — F3;Phe modification, but interactions arising from other

noncovalent factors, such as hydrophobicity, will persist after this modification.?>%

We employed a phase-separation model system with two components, an Arg-rich polypeptide

drawn from the C-terminal portion of FUS and a designed peptide that contains seven Tyr residues.



The latter component is accessible via solid-phase synthesis, which facilitated global replacement
of Tyr with nonproteinogenic residues. Our findings indicate that cation-m interactions are not a
major driving force for phase separation in this system, which contrasts with conclusions regarding
LLPS mediated by FUS.!-230 Qur data suggest that the H-bond donor properties of the Tyr side
chain are critical for phase separation mediated by the Arg-rich and Tyr-rich components. In
addition, we find that replacing Tyr with highly hydrophobic side chains can support phase
separation in this system, but neither cation-n attraction nor H-bond donation appears to be

involved in these cases.

1.3 Results and Discussion
1.3.1 Design of the two-component LLPS

Our goal of using noncanonical side chains to evaluate LLPS required substitutions at
multiple sites within a polypeptide, which is not readily accomplished via genetic code expansion
methods. Some amino acids with non-canonical side chains similar to those of proteinogenic
amino acids can be ribosomally incorporated without genetic code expansion.® However, the
degree of incorporation can be variable within the mixture of polypeptides that is produced.’! We
therefore sought a two-component system in which phase separation could be induced by
combining a relatively short Tyr-rich peptide with a longer Arg-rich polypeptide. Chemical
synthesis of the Tyr-rich component would allow access to very pure analogues containing be-
spoke residues at any number of positions. Increasing polymer chain length generally enhances

the propensity to undergo LLPS, and we anticipated that the length accessible for a ribosomally



generated Arg-rich component would compensate for the relatively short Tyr-rich peptide to al-

low LLPS at concentrations in the low uM range, as is observed for FUS itself.!%-?

| QGSY - rich [ RGG1 | [IRRNE RGG2 | ZnF | RGG3 | NLS |
1 214 267 285 3[71 422 433 501 5/26
| /
/
/
i FUS-C ]

: TEV cleavage site

Figure 1.1. Domain structure of the protein FUS (1-526). The Arg-rich protein used in this work is
based on residues 372-526 (FUS-C). This fragment was expressed in a construct that included
maltose-binding protein, with a TEV protease cleavage site in-between.

A fragment comprising the C-terminal 154 residues of FUS (372-526) was selected as the
Arg-rich component; this polypeptide is designated “FUS-C” below (Figure 1.1). FUS-C contains
24 Arg residues and is expected to have a net charge of approximately +13 near neutral pH. The
60 Gly residues in FUS-C should render this polypeptide largely disordered. In FUS itself, residues
422-453 constitute a zinc finger domain. For expression in Escherichia coli, the N-terminus of
FUS-C was fused to maltose-binding protein (MBP) via a short linker that contained a tobacco
etch virus (TEV) protease site (Figure 1). This fusion strategy is commonly employed for E. coli
expression of intrinsically disordered proteins because the MBP module promotes solubility and
facilitates isolation and purification.’>* FUS-C appeared to be fully soluble after TEV cleavage
of 5 uM fusion protein at room temperature in 50 mM Tris, pH 7.5, containing 150 mM NaCl and
0.5 mM tris(2-carboxyethyl)phosphine (TCEP). The phosphine was included to prevent disulfide

formation between Cys residues.

Phase separation mediated by FUS alone is most avid for the full-length protein, but LLPS
can occur when the LCD and RBD are expressed separately and then combined. The first design,

peptide Test 1, corresponds to residues 33-66 of FUS, a segment within the LCD. A Glu residue



was added at the N-terminus to give the peptide a negative charge near or above neutral pH for
good water-solubility. When Test 1 was combined with the FUS-C, only solid aggregates were
observed (Figure 1.2a). The solution mixture was collected and spun down to obtain a white
precipitate, which was stable at high temperature and detergent sodium dodecyl-sulfate (SDS).
Different concentration combinations of FUS-C and peptide Test 1 as well as different buffers and
salt concentrations were extensively screened, but only aggregates were observed in the mixture.
Careful examination of the peptide sequence led me to be concerned about the number of Gln
residues in Test 1, because polyglutamine is known to form a type of aggregate known as a polyQ
stack. This type of aggregate is formed by natural proteins that have expanded polyglutamine
repeats, which are associated with human diseases.** I designed peptides, Test 2 and Test 3, based
on the most repeated motifs in the FUS LCD: SYSSYG and GYGSYG. These new peptides did
not contain Gln, but they nevertheless caused aggregate formation when combined with the FUS

RBD (Figure 1.2b-c).

I noticed a difference in the amount of aggregate formed with Test 2 and Test 3 via
microscopy, with Test 2 appearing to cause more aggregate formation than Test 3. After staining
the aggregates with thioflavin T (ThT), a commonly used dye to detect the formation of amyloid
fibril,?>3¢ T was able to figure out that peptide Test 2 had more aggregates formed than peptide Test
3 when the peptide interacted with FUS-C.3” T concluded that the glycine-containing peptide is
more flexible, while glutamine and serine confer rigidity and promote aggregation formation,
which is consistent with previous studies.!” T decided to replace all Ser with Gly to enhance the
flexibility of my peptides. Only Gly, Glu and Tyr were used in peptide Test 4 and Test 5. “GGGY”
and “GGGGQGY” repeats were installed to form a “sticker-and-spacer” pattern. Stickers are units

that interact favorably with each other, while spacers separate the stickers from one another to



impart flexibility and may modulate the phase separation behavior.>'3¥ The tyrosine residues in
Test 4 and Test 5 are intended to serve as the stickers that interact with arginine in FUS-C. Gly
residues serve as the spacers to give conformational flexibility. The uniform pattering of aromatic
residues is intended to promote LLPS while inhibiting aggregation. Very little aggregation was

observed with peptide Test 4 and Test 5 (Figure 1.2 d-e).

Table 1. Evolution of the peptide sequence design.

Peptide No. | Sequence: Observation
Test 1 EYGQQSYSGYSQSTDTSGYGQSSYSSYGQSQNTGY | Aggregates

Test 2 ESYSSYGSYSSYGSYSSYGSYSSYGSYSSYG Aggregates

Test 3 EGYGSYGGYGSYGGYGSYGGYGSYGGYGSYG Aggregates

Test 4 EGGGYGGGYGGGYGGGYGGGY Few aggregates
Test 5 EGGGGGYGGGGGYGGGGGYGGGGGYGGGGGY Few aggregates
1 (Tyr) GGGYEEEYGGGYGGGYEEEYGGGYGGGY Phase separation

Figure 1.2. Formation of aggregates between 20 uM FUS-C with 40 uM of different peptides: (a) peptide
Test 1; (b) peptide Test 2; (¢) peptide Test 3; (d) peptide Test 4; (e) peptide Test 5; (f) peptide 1. The
experiment was performed in in 50 mM Tris buffer, pH 7.5, 150 mM NaCl and 0.5 mM TCEP. Scale bar,

10 pm.

The solubility problems encountered with peptides Test 1 to Test 5 led us to design peptide

I(Tyr). Cakmak et al. have evaluated the impact of poly-ion multivalency on the functional



performance of coacervates as compartments.'* When one arginine interacted with glutamic acid,
uniform solution was observed. However, when the polyanion (Glu)io mixed with polycation
(Arg)10, coacervates were observed. Increasing the number of Glu in peptide sequence leads to the
finalized peptide model pep 1(Tyr). In addition to 7 evenly spaced Tyr residues, 1(Tyr) contains
15 Gly residues, which should ensure conformational disorder, and 6 Glu residues, to confer a net
negative charge in the pH 7.5 buffer. Phase separation was observed when this new peptide model

interacted with FUS-C (Figure 1.2f).

We observed that the removal of MBP tag from the protein construct MBP-FUS-C required
carefully controlled conditions. When 20 uM MBP-FUS-C was treated with 2 mol% TEV protease
at 37°C for 6 hours, a clear solution was initially observed after the tag was fully removed, and the
protein solution was moved from the 37°C incubator to room temperature. Aggregation was
observed 30 min at room temperature. However, this aggregation was stopped by the addition of
1(Tyr) immediately after the protein sample was removed from the incubator. The lower
temperature variation may cause FUS-C to form B-sheet-like structures, which lead to
aggregation.’® The ability of 1(Tyr) to halt of aggregation and induce phase separation makes the
system extremely complicated to understand. We therefore developed a different cleavage protocol:
5 uM MBP-FUS-C was treated with 5 mol% TEV protease at room temperature for 6 hours. The
protein solution remained clear (no aggregates under microscopy) for more than 12 hours.
Combining 5 uM FUS-C and 50 uM 1(Tyr) at room temperature led to phase separation as detected
via confocal microscopy. The sample of 1(Tyr) contained 1 mol% of the peptide bearing an N-
terminal fluorescein unit, to enable visualization of the droplets (Figure 1.3A). Condensed phase
droplets were observed to fuse on a short time scale, which provides qualitative evidence of the

liquid nature of these droplets. Fluorescence microscopy studies were then conducted with samples



10

in which each component contained 1 mol % of a fluorescently labeled derivative, 1(Tyr) bearing
an N-terminal fluorescein unit or FUS-C with an extra Cys inserted at the C-terminus for
tetramethylrhodamine (TAMRA) attachment. These studies established that both components were

present in the condensed phase droplets (Figure 1.3B).

A 00s 2.0s 4.0s 6.0s B Pep 1 FUS-C Merge

Figure 1.3. A. Time series of droplets formed by 50 uM 1(Tyr) (identified in Figure 2) and 5 uM
FUS-C in 50 mM Tris, pH 7.5, containing 150 mM NaCl and 0.5 mM TCEP, showing droplet
merger. Scale bar = 2 um. B. Colocalization of 1(Tyr) (including 1 mol% FITC-labeled 1(Tyr),
fluorescence image at 488 nm, false colored green) and FUS-C (including 1 mol% TAMRA-
labeled FUS-C, fluorescence image at 561 nm, false colored red). The merged image is shown on
the right. Scale bar = 5 pm.

Through the process of identifying and solving the challenges, [ was able to develop 1(Tyr),
which has a simple amino acid composition and supports LLPS when mixed with arginine-rich
FUS-C. Peptide 1(Tyr) is readily prepared by solid-phase peptide synthesis (SPPS), which allowed
me to replace the Tyr residues with noncanonical residues to evaluate the role of cation-m

interactions in phase separation.

1.3.2 Evaluation of Charge Complementarity

To ask whether charge complementarity is necessary for LLPS that occurs when FUS-C
and 1(Tyr) are combined, we examined analogues of 1(Tyr) in which three or all six of the Glu
residues were replaced by Lys (Figure 1.4B). These peptides should have no net charge at pH 7.5

(1a-b) or a positive charge (1c¢), in contrast to the expected negative charge of 1(Tyr). Combining
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Figure 1.4. A. Sequence of designed peptides with

different residues at X sites. B. Derivatives of
1(Tyr) with different charge states.
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50 uM 1a, 1b or 1c with 5 uM FUS-C did
not lead to phase separation. Thus, the net
negative charge of 1(Tyr) is necessary for
co-assembly with cationic FUS-C to form
the condensed phase, which means that the
assembly can be considered a complex
coacervate.!*  Charge complementarity
should result in direct Coulombic attractions

between 1(Tyr) and FUS-C as well as

entropically favorable counterion release.**~

42

To determine whether the negative

charge of 1(Tyr) was sufficient for LLPS in the presence of FUS-C, we evaluated peptide 2(Phe),

in which each of the seven Tyr residues was replaced with Phe. For this comparison, we evaluated

a series of solutions containing 5 pM FUS-C and varying concentrations of the peptide in 50 mM

Tris, pH 7.5, containing 150 mM NaCl and 0.5 mM TCE-P. In an initial survey, samples containing

5, 10, 20 or 50 uM 1(Tyr) or 2(Phe), including 1 mol% of the fluorescein-labeled derivative, were

examined by microscopy (Figure 1.5A). For solutions containing 1(Tyr) and FUS-C, a few droplets

were detected with 5 uM peptide, and droplets were abundant at 20 uM. In contrast, droplets were

observed only at 50 uM 2(Phe), and not at the lower concentrations.
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B Peptide Conin
10RM - 20pM 1Ty )

iy 2(Phe) >20

3(F,Phe) 14
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5(DOPA) 2

-AEEE =
7(Cha) 4

Figure 1.5. A. Representative confocal images of droplets formed at different concentrations
(uM) of 1(Tyr) or 2(Phe) with 5 uM FUS-C. Scale bar = 5 pym. B. The minimum peptide
concentration (Cmin; pM) for each peptide at which droplets were visible by fluorescence
microscopy when mixed with 5 uM FUS-C. In each case, the peptide sample contained 1 mol%
FITC-labeled peptide.

The dramatic difference between mixtures containing FUS-C and either 1(Tyr) or 2(Phe)
that is evident in Figure 3A shows that Coulombic interactions are not the dominant factor driving
phase separation in this system. Instead, this comparison suggests that the identity of the aromatic
side chain plays a critical role in the molecular assembly required for condensed phase formation.

These observations motivated experiments involving all of the 28-mers shown in Figure 1.4A to

explore the noncovalent interactions that underlie phase separation.

1.3.3 Effects of Side Chain Identity on Phase Separation Propensity

For each of the peptides in Figure 1.4A, the propensity for phase separation upon mixing
with 5 pM FUS-C was assessed in two ways. First, we identified the minimum pep-tide
concentration (Cmin) at which droplets were visible by fluorescence microscopy (each peptide
sample contained 1 mol% of the fluorescein-labeled derivative). These values are summarized in

Figure 1.5B, based on images shown in Figure 1.6. Second, for samples containing 5, 10, 20 or 50
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uM peptide, microscopy images were used to determine the total area of the droplets within a 3000
um? field of view (Figure 1.6). The area analysis was conducted with four independently prepared
samples for each peptide + FUS-C pairing, with two independent measurements per sample. In

each case, the microscopy images were obtained 30 minutes after the two components were mixed.

50

Conc(uM) 1 2 3 4 5 10 20
5 10 12 14 16 18 20

Figure 1.6. Representative confocal micrographs of coacervates at different concentrations of
corresponding peptides with 5 uM FUS-C. These data were used to determine the C,.i» values
shown in Fig. 3B. Scale bar = 5 pm. Buffer condition: 50 mM Tris, pH 7.5, 150 mM NaCl and
0.5 mM TCEP.
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For 1(Tyr), 5 uM was the lowest concentration at which droplets were visually detected
under our conditions (Figure 1.5B), while the minimum concentration for 2(Phe) was >20 puM.
Comparison of 1(Tyr) and 2(Phe) via droplet area at the four peptide concentrations reinforced the
conclusion that these two peptide manifest profoundly different propensities for phase separation
upon mixing with FUS-C (Figure 1.6). Collectively, these results indicate that a net negative charge
is not sufficient to enable the avid phase separation observed when 1(Tyr) is combined with FUS-

C and highlight the importance of the side chain difference between Tyr and Phe.

1(Tyr) S(DOPA) 7(Cha)

150—

100—
i} I 3(F,Phe) 4(OMe) I I I I
| = I » - M I 6(diOMe) _ = '
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Figure 1.7. Area measurements of droplets observed in a 3000 pm? field of view. Phase separation
condition: 5 uM FUS-C was treated with the indicated peptide at different concentrations (1 mol%
FITC-labeled corresponding peptide). N = 4 independent replicates (two measurements per
replicate). Error bar, SEM. * indicates no droplets observed.

Area (um?2)

|
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The substantial decline in LLPS propensity resulting from Tyr-to-Phe replacement in our
system is consistent with findings of Wang et al., who reported that global replacement of Tyr with
Phe in the N-terminal domain of FUS led to a decrease in LLPS propensity.!” However, Qamar et
al. found that replacing a subset of these Tyr residues in FUS with Phe did not diminish LLPS
propensity, and this observation was taken as evidence that cation-n interactions play an important

role in driving FUS self-association in the condensed phase.?’
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The cation-mt interaction arises from attraction between the positive charge and negative
electrostatic potential of the aromatic ring (charge-quadrupole interaction).?!2327 Dougherty et al.
have estimated this attraction based on quantum mechanical calculations that map out the electro-
static potential of the aromatic unit.?® These calculations predict that the side chains of Tyr and Phe
are energetically similar as participants in cation-m interactions. In contrast, the 1,2,3-
trifluorophenyl group of F3Phe is predicted to be a much poorer participant.’® We therefore
examined peptide 3(F3Phe), the analogue of 1(Tyr) in which all seven Tyr residues were replaced
by F3Phe (Figure 1.4A). Droplets were detected at or above 14 uM 3(F3sPhe) (Figure 1.5B), which
indicates a higher propensity for phase separation with FUS-C by this peptide relative to 2(Phe)
(minimum concentration for droplets > 20 uM). Comparison of droplet area for 3(F3Phe) vs. 2(Phe)
(Figure 1.6) further supports the conclusion that 3(FsPhe) has the higher propensity for phase
separation in combination with FUS-C. This result is not consistent with the hypothesis that cation-

7 interactions drive phase separation in our system.

To understand the features of the Tyr side chain that underlie avid LLPS upon mixing 1(Tyr)
and Arg-rich FUS-C, we examined peptides 4(OMe), S(DOPA) and 6(diOMe), the analogues of
I(Tyr) in which all seven Tyr residues were replaced by 4-methoxyphenylalanine, 3.,4-
dihydroxyphenylalanine (DOPA) or 3,4-dimethoxyphenylalanine, respectively. These peptides
showed substantial differences in their abilities to support LLPS in combination with FUS-C.
Eliminating the side chain H-bond donor, by replacing 1(Tyr) with 4(OMe) (Figure 1.6), caused
the minimum concentration for droplet formation to rise from 5 to 14 puM (Figure 1.5B). At each
peptide concentration used for droplet area measurements, the value was lower in solutions
containing 4(OMe) + FUS-C relative to solutions containing 1(Tyr) + FUS-C. Previously reported

quantum mechanical calculations suggest that there is little difference between the electrostatic
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potentials of the Tyr and 4-methoxyphenylalanine side chains.?® Therefore, the decline in LLPS
propensity with FUS-C manifested by 4(OMe) relative to 1(Tyr) is not consistent with the
hypothesis that phase separation in these systems is driven by attractions between cationic Arg side

chains and aromatic side chain 7 systems.

Replacing 1(Tyr) with 5(DOPA) led to a substantial increase in LLPS propensity in
combination with FUS-C. The minimum concentration for droplet formation declined to 2 uM for
5(DOPA) from 5 uM for 1(Tyr) (Figure 1.5B). This effect was evident also in droplet area
measurements for solutions containing 5 pM peptide: the area value for S(DOPA) was much higher
than that for 1(Tyr) at this peptide concentration (Figure 1.6). These observations are consistent
with the hypothesis that the H-bond donor properties of the aromatic side chain play a critical role
in determining LLPS propensity upon combination with FUS-C. Replacing 5(DOPA) with
6(DiOMe) led to a dramatic decline in LLPS propensity: the minimum concentration for droplet
formation was >20 uM for 6(diOMe), and droplet area for S(DOPA) was much larger than for
6(diOMe) at all concentrations.

2x0OMe
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Figure 1.8. Reverse-phase high liquid chromatography retention time of Gly-Gly-Gly-Xxx
tetramers, where is one of the seven residues shown in Figure 1.4A. 0%B 1min, then 0-60%B
15min; solvent A: 0.1% TFA in MilliQ water; solvent B: 0.1% TFA in ACN.
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Taken together, the observations for peptides 1(Tyr), 2(Phe), 4(OMe), 5(DOPA) and
6(diOMe) are consistent with the hypothesis that aromatic ring substituents that serve as H-bond
donors promote LLPS when the peptide is combined with FUS-C. In addition, these observations
collectively are not consistent with the hypothesis that cation-n interactions play a significant

energetic role in peptide + FUS-C LLPS.

The substantial LLPS observed with 3(FsPhe) shows that H-bond donors on the aromatic
side chains are not required for promotion of LLPS upon mixing with FUS-C. To ask whether side
chain hydrophobicity could promote phase separation for at least some peptide + FUS-C pairings,
we compared reverse-phase high-pressure liquid chromatography (RP-HPLC) elution profiles for
short peptides containing Tyr or one of the replacement residues (Figure 1.8).*>** This comparison
included cyclohexylalanine (Cha), which has a very hydrophobic and non-aromatic side chain.
Tetrapeptides with the sequence Gly-Gly-Gly-Xxx were evaluated, where Xxx was the variable
position. RP-HPLC elution profiles have commonly been used to com-pare hydrophobicity among
peptides.**~4¢ The stationary phase for our comparison, silica modified with C18 alkyl groups, is
highly hydrophobic, and the mobile phase, a gradient of water-acetonitrile mixtures, is hydrophilic.
With a consistent elution protocol, longer retention should directly correlate with greater

hydrophobicity.

The tetramer GGG-DOPA was the least strongly retained, which is consistent with the
expectation that the pair of hydroxyl groups on the aromatic ring should render DOPA very
hydrophilic. GGG-Tyr had the second-shortest elution time, and GGG-Phe was slightly more
strongly retained, i.e., more hydrophobic. Both GGG-MeOPhe and GGG-DiMeOPhe were more

hydrophobic (longer elution times) relative to the tetrapeptides bearing side chains with hydroxyl
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groups or GGG-Phe. The RP-HPLC comparison suggested that the side chain of F3Phe is similar

to the side chain of Cha in terms of hydrophobicity.

The RP-HPLC results motivated us to evaluate peptide 7(Cha) for the ability to promote
LLPS in combination with FUS-C in 50 mM Tris, pH 7.5, containing 150 mM NaCl and 0.5 mM
TCEP. The minimum concentration for droplet detection was 4 uM (Figure 1.5B), which is
significantly below the value for 3(Fs;Phe). Droplet area was larger for 7(Cha) relative to 3(F3Phe)
at all four peptide concentrations evaluated (Figure 1.6). The Cha side chain is obviously incapable
of participating in cation-m interactions or donating H-bonds. Thus, the observations with 7(Cha)
are consistent with the hypothesis that LLPS resulting from peptide + FUS-C mixing can be

promoted by side chain hydrophobicity.

Based on the assessments of droplet formation for peptide + FUS-C pairings in Figures 1.5
and 1.6, the overall LLPS propensity order among the 28-mer peptides is S(DOPA) > 7(Cha) >
1(Tyr) > 3(F3Phe) ~4(OMe) > 2(Phe) ~ 6(diOMe). This order is quite different from the RP-HPLC
elution order among the GGG-Xxx tetramers [S(DOPA), 1(Tyr), 2(Phe), 6(diOMe), 4(OMe),
3(F3Phe), 7(Cha)]. We interpret these data to suggest that at least two different noncovalent
interaction profiles can promote the attractions among peptide and FUS-C molecules necessary to
create the network that scaffolds a condensed phase. One noncovalent interaction profile feature
H-bond donation by side chain groups, such as the hydroxyl groups of Tyr and DOPA, as a key
factor. In the other profile, hydrophobic interactions of side chains are a key factor. Since residues
with the two most hydrophobic side chains among those we evaluated, Cha and F3Phe, are not
found in proteins, this latter noncovalent interaction profile may not be relevant to LLPS mediated

by natural proteins.
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1.3.4 Fluorescence Recovery after Photobleaching (FRAP) with Selected Condensed Phases

FRAP studies were conducted to probe the physical properties of condensed phases formed
by peptide + FUS-C pairs.*’ Three peptides were selected for these measurements, 1(Tyr) and
5(DOPA) to represent the H-bond-promoted mode of assembly, and 7(Cha) to represent the
hydrophobically promoted mode of assembly. The data in Figures 1.5 and 1.6 indicate that these
three peptides have the highest phase-separation propensities, when combined with FUS-C, among
the set we evaluated. For the FRAP studies, LLPS was induced by combining 5 pM FUS-C with
50 uM peptide in 50 mM Tris, pH 7.5, with 150 mM NaCl and 0.5 mM TCEP at room temperature.
Samples containing 1 mol % fluorescein-labeled peptide were used to monitor peptide dynamics,
and samples containing 1 mol % TAMRA-labeled FUS-C were used to monitor the dynamics of
this protein fragment. In each case, the droplets were relatively small (up to 1.5-2.5 um in
diameter), and the laser irradiation therefore bleached most of the droplet, even though these
measurements focused on the largest droplets (Figure 1.9A). Fluorescence recovery in these cases
results from peptide or FUS-C diffusion within the droplet and/or from peptide or FUS-C diffusion

into the droplet from the surrounding dilute phase.
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Figure 1.9. A. Representative micrographs for a FRAP experiment on condensates formed by 50
uM 1(Tyr) (1mol% FITC-labeled) and 5 uM FUS-C. At 0.0 s, a region of interest within the
droplet is photobleached (dark). Scale bar =2 um. B. FRAP comparison of 1(Tyr), 5(DOPA) and
7(Cha) with 1mol% FITC-labeled corresponding peptide at different timepoints: 30 min (red), 2
hr (blue) and 12 hr (green). C. FRAP comparison between each of the three peptides (1mol%
FITC-labeled) and FUS-C (1mol% TAMRA-labeled) at 2 hr timepoints: peptide (blue) and FUS-
C (magenta). The blue data for each peptide in parts B and C are the same.

Based on UV-vis absorption data, the dilute phase for the three peptide/FUS-C pairs
contained different peptide concentrations (Figure 1.10): ~1 uM 1(Tyr), ~13 uM 5(DOPA) and ~4
uM for 7(Cha). Thus, in each case, most the peptide was located in the condensed phase, although
each dilute phase contained residual peptide that could exchange with peptide bleached by

irradiation. Efforts to determine the concentration of FUS-C in the dilute phase were unsuccessful,
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which suggests that nearly all of this polypeptide was drawn into the three condensed phases under

our experimental conditions.

In condensed phase droplets formed with 1(Tyr), the peptide was very mobile (Figure 1.9B).
At 0.5 hr after mixing with FUS-C, droplets formed with 1(Tyr) fully regained the original
fluorescence level with half-life ~2 sec after photobleaching; very similar behavior was observed
2 hr after mixing. By 12 hr after mixing, only ~50% of the original fluorescence level was
recovered, and the half-life for recovery was somewhat longer, ~8 sec. The diminished recovery
maximum at 12 hr suggests that there is a slow process by which peptide molecules become
immobilized within the condensed phase and can no longer exchange with peptide molecules in
the surrounding dilute phase, perhaps corresponding to gelation. Similar “aging” processes have
been reported for condensed phases formed by FUS or FUS fragments.’**4 Since the
concentration of 1(Tyr) in the dilute phase was lower than for 5(DOPA) or 7(Cha), the rapid and
complete fluorescence recovery observed over the first 2 hr for 1(Tyr) suggests that the timescale
and extent of fluorescence recovery for all three peptides was not limited by the amount of peptide

in the dilute phase.
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Figure 1.10. Concentration of peptide in the dilute phase after
phase separation induced by mixing 5 uM FUS-C with 50 pM
of corresponding peptide (10 mol% labeled): 1(Tyr), 5
(DOPA) or 7(Cha) in 50 mM Tris, pH 7.5, 150 mM NaCl, 0.5
mM TCEP. Samples were incubated at room temperature for
30 min. The coacervate sample was then centrifuged, and the
supernatant was collected. The peptide concentration in the
supernatant was determined by UV-spectroscopy. N = 4
independent replicates. Error bar, SEM. P values (P < 0.001
(***), P <0.0001 (****))were calculated by one way ANOVA.
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The FUS-C component
appeared to be less dynamic
than the peptide component in
the condensed phase formed
with 1(Tyr) (Figure 1.9C).
FRAP data collected at 2 hr
after mixing suggested a half-
life of ~100 sec for recovery of
the FUS-C component. The
predicted extent of
fluorescence recovery was
about 50%. These values did
not change substantially at 12
hr after mixing. Since the
concentration of FUS-C in the

dilute phase was apparently

very low, the FRAP data may result from limitations in the amount of external FUS-C available to

exchange with FUS-C bleached within the droplet. Alternatively, perhaps half of the FUS-C

content in the droplets is immobilized upon phase separation. The FRAP data may suggest that the

slow process that leads to immobilization of peptide 1(Tyr) within the network that spans the

condensed phase does not operate on the FUS-C component, or that this process is not detected

because of the rapid immobilization of a substantial fraction of the FUS-C.
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Figure 1.11. Representative confocal images after 6 M guanidine HCl treatment of droplets
formed between 5 uM FUS-C and 50 uM 1(Tyr) (1 mol% fluorescein-1(Tyr), A), S(DOPA) (1
mol% fluorescein-5(DOPA), B), or 7(Cha) (1 mol% fluorescein-7(Cha), C). Scale bar = 5 um.
No droplets were observed after the treatment with guanidine HCI. For the sample containing

5(DOPA), this result indicates a lack of large-scale covalent crosslinking. Buffer condition: 50
mM Tris, pH 7.5, 150 mM NaCl and 0.5 mM TCEP.
Prebleach 0.0s

2.0s 4.0s 6.0s

Figure 1.12. Representative confocal micrographs of coacervates formed with 5 pM FUS-C and
50 uM 7(Cha) (1 mol% fluorescein-7(Cha)) at the 12-hour timepoint. No clear boundary for
coacervate droplets was observed. Instead, the condensed phase appeared to have spread across
the surface. These images show results of a FRAP experiment. Laser irradiation bleaches a
region of the condensed phase covering the surface, and recovery of fluorescence is observed.
Scale bar = 2 um. Buffer condition: 50 mM Tris, pH 7.5, 150 mM NaCl and 0.5 mM TCEP.

FRAP measurements involving droplets formed with 5(DOPA) indicated substantially
reduced mobility of the peptide and FUS-C components, relative to the condensed phase formed
by mixing 1(Tyr) and FUS-C. For both 5(DOPA) and FUS-C, fluorescence recovery was very slow,
whether the measurement was made at 0.5 hr, 2 hr or 12 hr after mixing. The extent of recovery

could not be accurately predicted from the FRAP data. These observations suggest that the
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condensed phase formed by 5(DOPA) + FUS-C may be a gel rather than a liquid. Treatment of this
condensed phase with 6 M guanidine HCI led to complete dissolution, which indicates that
condensate formation with 5(DOPA) does not involve extensive oxidative covalent crosslinking
of DOPA side chains (Figure 1.11).>° Condensates formed by 1(Tyr) + FUS-C and by 7(Cha) +

FUS-C were also fully disrupted by 6 M guanidine HCI.

FRAP measurements with the condensate resulting from mixing peptide 7(Cha) and FUS-
C revealed that the peptide component was dynamic at 0.5 hr and 2 hr after mixing. The estimated
half-life for fluorescence recovery was 15-20 sec at both time points. The FUS-C component
seemed to have a level of mobility similar to that of 7(Cha). FRAP data collected for FUS-C at 2
hr after mixing suggested a half-life in the range 10-50 sec for recovery. The predicted recovery
was ~50%. Measurement at 12 hr, however, was impossible because the condensed phase droplets
formed by 7(Cha) + FUS-C could no longer be observed via microscopy. The images suggested
that after 12 hr the droplets had merged and formed a thin, continuous layer across the surface of
the microscope slide (Figure 1.12). This type of “wetting” was not observed for condensed phases
formed when either of the hydroxyl-bearing peptides 1(Tyr) or S(DOPA) was combined with FUS-

C.

We note that the surfaces of the glass slides used for these studies had been pretreated with
bovine serum albumin (BSA) to minimize nonspecific adsorption. Our observation that the
condensed phase formed by 7(Cha) + FUS-C slowly wets this surface is consistent with the recent
report that another condensate formed with a hydrophobic protein pair wets BSA-treated glass

surfaces.’!

The droplet area comparisons (Figure 1.7) suggest that both 5(DOPA) and 7(Cha) have a

higher propensity for co-assembly with FUS-C relative to any of the other 28-mer peptides we
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evaluated. For both 5(DOPA) and 7(Cha), condensed phase assemblies were very abundant at 5
uM peptide, while droplets were sparse for 1(Tyr) at 5 uM, and no droplets were observed for the
other four peptides at this concentration. FRAP comparison, however, indicates that the condensed
phase promoted by H-bonding (5(DOPA)) has material properties that differ from those of the con-

densed phase promoted by hydrophobicity (7(Cha)).

1.4 Conclusions

Evolution has harnessed cation-mt interactions to stabilize complexes between proteins and
positively charged ligands, as established by experimental studies conducted over the past three
decades.?"2%? Close contacts between cationic and aromatic units in amino acid residue side
chains observed in protein crystal structures suggest that cation-m interactions can stabilize native

52,53

tertiary structure.”>>> However, such contacts are much less frequent than the H-bonds or contacts

between nonpolar side chains within tertiary structures,>*>¢

which suggests that cation-n
interactions are not a major driving force for protein folding. Both the hydrophobic effect and
intramolecular H-bonding are believed to play key roles in determining specific protein tertiary

54-58

structures,’*% although these roles have been debated.>”

LLPS mediated by polypeptides (a single polypeptide or a combination of polypeptides, as in
the studies described here) appears to require formation of a molecular network that spans the
condensed phase and is held together by intermolecular attractions. For systems lacking defined
recognition motifs (such as PDZ or SH3 domains and their peptide ligands'?®), the condensate-
stabilizing interactions must involve small substructures such as side chains or the backbone atoms

of individual residues.!'~!¢ The collective energetic threshold for formation of the condensate-
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stabilizing noncovalent interaction network must be lower (at appropriate concentrations) than the
threshold for a tertiary structure-stabilizing (i.e., intramolecular) network, because most proteins
or protein domains that mediate membraneless organelle formation in cells are intrinsically
disordered. These features are exemplified by FUS and related proteins.!®20 It is therefore
important to elucidate noncovalent interaction networks that stabilize protein-mediated phase

separation, which may differ from the networks that stabilize protein tertiary structures.>

Two highly cited studies published in 2018 concluded that cation-m interactions are essential
for phase separation mediated by FUS and related proteins.!*2° Nearly every paper that mentions
biopolymer-mediated LLPS since 2018 has highlighted cation-m interactions as a driving force.
Because, as noted above, cation-m interactions do not seem to be as common as H-bonds or
nonpolar contacts within folded proteins, the cation-r interaction might be uniquely suited to

formation of the dynamic intermolecular networks necessary to stabilize condensed phases.

Observations that have been interpreted to implicate cation-m interactions in FUS-mediated
LLPS are not entirely consistent with the conclusion that cation-n interactions play a major role in
this form of molecular assembly. For example, Qamar et al. showed that post-translational
modification of Arg to generate asymmetric dimethylated Arg (ADMA) led to a decrease in phase
separation propensity, and this observation was interpreted to support the hypothesis that cation-n
interactions involving Arg and Tyr side chains provide a driving force for LLPS mediated by FUS
and related proteins.?’ However, Waters et al. previously determined that ADMA forms a more
stable cation-7 interaction relative to Arg.®® Wang et al. found that global replacement of Tyr with
Phe in FUS led to a decrease in phase separation propensity, which led these authors to note that
the role of Tyr-Arg interactions in promoting LLPS “cannot be solely due to generic cation-n

interactions.”” This caveat presumably reflects the fact that the Tyr and Phe side chains have
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similar propensities to engage in cation-m interactions.?® Despite this caveat, these authors
concluded that their results supported “the importance of cation-m interactions as drivers of phase

separation.”

One of the first studies to conclude that cation-m interactions are important for protein-mediated
LLPS focused on Ddx4, a major constituent of germline granules.’! The protein Ddx4 is largely

disordered and rich in Phe and Arg. Nott et al. tested the cation-1t hypothesis by heterologous

expression of Ddx4 in the presence of racemic meta-fluoro-phenylalanine (mF-Phe), to generate a

protein mixture with variable numbers of Phe — mF-Phe replacements. This material had a lower

propensity for LLPS relative to native Ddx4 containing only L-Phe, which seems consistent with
the hypothesis that cation-r interactions play an energetically significant role in this system. These
authors also observed that conversion of Arg to ADMA in Ddx4 diminished LLPS propensity,
which they interpreted to support the energetic importance of cation-r interactions in the assembly
of Ddx4 molecules. However, this interpretation is not consistent with the finding that ADMA

forms stronger cation-z interactions than does Arg,*° as noted above.

Uncertainties associated with the studies summarized above motivated our experimental
design. A phase-separating system comprised of two components, a long Arg-rich protein fragment
generated via heterologous expression and a short Tyr-rich peptide synthesized chemically (1(Tyr)),
freed us from the compositional constraints imposed by ribosomal synthesis for the Tyr-rich
component. However, one feature of the noncovalent interaction network that controls LLPS
induced by mixing FUS-C and 1(Tyr) differs from the noncovalent interaction network that
controls LLPS mediated by full-length FUS itself. Charge complementarity between FUS-C (a
polycation) and the peptide (a polyanion) is necessary to achieve phase separation at low uM

concentrations. 1(Tyr) contains 6 Glu among the 28 residues. In contrast, the Tyr-rich domain of
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FUS (residues 1-215) contains only five acidic residues. Our preliminary efforts to work with Tyr-
rich fragments of < 40 residues derived from the N-terminal domain of FUS were hampered by
low peptide solubility, presumably a result of the lack of charged side chains. These difficulties led

us to design 1(Tyr).

The profound difference in LLPS propensity that results from global Tyr — Phe replacement
(1(Tyr) — 2(Phe)) shows that the Tyr residues play an important role in promoting LLPS in
combination with FUS-C. For FUS itself, global Tyr — Phe replacement suppresses LLPS.! This

parallel suggests that our peptide+FUS-C system offers a valid basis for exploring the factors that
control LLPS mediated by Arg-rich and Tyr-rich polypeptide components, including FUS and
related proteins. However, we found that charge-neutral analogues of 1(Tyr) (i.e., peptides la and
1b) do not support phase separation when combined with FUS-C, at least in the concentration
range we examined. Thus, it is possible that a noncovalent interaction network that includes
attractions between anionic Glu side chains in 1(Tyr) and cationic Arg side chains in FUS-C limits

the applicability of our conclusions to the behavior of full-length FUS.

Results obtained in our designed system are not consistent with the hypothesis that cation-n
interactions are a major driver of phase separation induced by mixing Arg-rich FUS-C and 1(Tyr).

This conclusion is evident not only from the decline in LLPS propensity upon Tyr — Phe

replacement, but also from the significant decline in LLPS propensity upon replacing Tyr with O-
methyl-tyrosine (4(OMe)). Ab initio calculations suggest that the methoxyphenyl group of the
methoxyphenyl side chain has a slightly larger cation-binding energy than does the phenol group

of the Tyr side chain.?®
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Our observation that replacing Tyr with DOPA (1(Tyr) — 5(DOPA)) substantially enhances

phase separation propensity and results in a more ordered condensate suggests that H-bond
donation by the Tyr and DOPA side chains plays a critical role in promoting phase separation in

our system. This conclusion is consistent with analysis of Tyr — Phe mutations in folded proteins,

which suggests that intramolecular H-bond donation by the Tyr hydroxyl can stabilize native
tertiary structure.>’ Support for the proposed role of side chain H-bond donation in our system is
provided by the substantial decline in LLPS propensity observed for 4(OMe) relative to (1(Tyr)
and for 6(DiOMe) relative to 5(DOPA). Each of these comparisons involves removal of H-bond
donors, presumably without diminishing the ability of the aromatic ring to engage in cation-n

interactions.

Our data indicate that placing one methoxy group on the side chain aromatic ring (2(Phe) —

4(OMe)) causes an increase in phase separation propensity in combination with FUS-C, but

placing a second methoxy group on the aromatic ring (4(OMe) — 6(diOMe)) causes a decrease in

phase separation with FUS-C. An explanation for this trend is not clear to us. HPLC data (Figure
5) suggest that the side chain of O-methyl-tyrosine is slightly more hydrophobic than the side chain
of di-O-methyl-DOPA, but this difference seems too small to explain a substantial variation in

phase separation propensity.

The ability of the Tyr side chain to serve as an H-bond donor has received relatively little prior
attention in the context of polypeptide-mediated LLPS. The most relevant studies, to our
knowledge, have emerged from work inspired by mussel adhesive proteins.’! Mussels anchor
themselves to solid substrates via “foot proteins”’, many of which contain abundant DOPA residues.

These proteins undergo LLPS as they are being secreted, exposure to sea water triggers
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solidification of the condensed phase. Some model studies have suggested that cation-n
interactions involving DOPA side chains and Lys side chains, which are also abundant in mussel
foot proteins, contribute to the self-adhesion of these proteins.®? A different conclusion was reached,
however, from recent studies of salt-triggered LLPS by a synthetic DOPA-rich peptide.®® This
peptide, designed based on a mussel foot protein, contained only DOPA, Lys and Gly and
supported LLPS at high concentrations of peptide and salt. The analogous peptide with global

DOPA — Tyr replacement did not undergo LLPS under the same conditions. Molecular dynamics

simulations suggested that network formation by the DOPA-rich peptide was stabilized by
intermolecular H-bonding between two DOPA side chains or between a DOPA side chain and the
backbone of a Gly residue. Related studies on the mussel adhesive protein Pvfp-5p (83 residues)

compared the version rich in Tyr with the analogue resulting from global Tyr — DOPA

replacement.®* LLPS occurred for solutions containing high concentrations of the DOPA version
and salt; in contrast, the Tyr version formed solid aggregates under these conditions. Although
Pvip-5B contains eight Lys residues, a combination of 13C NMR measurements and quantum
calculations led to the conclusion that cation-n interactions were not a driving force for assembly
of either the Tyr or DOPA versions of this protein. Instead, the associations underlying LLPS by

the DOPA version were attributed to H-bonding and - interactions of DOPA side chains.

Experimental and computational findings for mussel protein-based systems outlined above®3-64

offer an interesting context for our observation that 5(DOPA) manifests a very high phase-
separation propensity when combined with FUS-C, which contains 60 Gly residues, even when
each component is present at 5 uM. The network that scaffolds this condensed phase could be
stabilized by transient H-bonding between DOPA side chains in 5(DOPA) and Gly residues in

FUS-C. DOPA-DOPA H-bonding between different molecules of 5(DOPA) that are brought into



31

proximity through interactions with FUS-C might also stabilize the network. It seems unlikely,
however, that n-n interactions between DOPA side chains make significant contributions, because
we found that replacing DOPA with the dimethyl derivative dramatically diminished LLPS

propensity; n-m attractions should be possible in a mixture containing 6(DiOMe).

Our FRAP analysis of the condensed phase formed by S(DOPA) and FUS-C indicates very low
peptide mobility, which suggests that this condensate is a gel rather than a liquid. Formation of
intracellular gel-like condensates in E. coli by a designed protein based on resilin has been recently
described.* The protein contained multiple Tyr residues that could be replaced by DOPA residues
when DOPA was provided in the growth medium. Formation of the intracellular gel required
DOPA incorporation, and the gel was shown to contain chains that had been covalently crosslinked
via intracellular oxidation. Our observation that the gel-like condensate formed by 5(DOPA) +
FUS-C can be dissolved with guanidinium chloride suggests that this form of assembly does not

depend upon extensive covalent crosslinking (Figure 1.18).

Testing the hypothesis that cation-m interactions promote LLPS observed for FUS-C in
combination with 1(Tyr) led us to examine 3(F3zPhe). We found that 3(FsPhe) had a much greater
LLPS propensity relative to 2(Phe), which is contrary to the trend that would be predicted if cation-
T interactions were energetically important for LLPS in this system. Hydrophobicity assessment
via RP-HPLC indicated that FsPhe is considerably more hydrophobic than Phe. This finding is
consistent with an earlier report that pentafluorophenylalanine is more hydrophobic than
phenylalanine.®® Fluorine-bearing alkyl side chains are more hydrophobic than their natural alkyl

counterparts.56-68

Our observations, in concert with previous studies highlighting the hydrophobicity of side

65-68

chains bearing fluorine atoms in place of hydrogen, raise the possibility that the condensate-
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spanning network formed by 3(Fs;Phe) and FUS-C is stabilized by a web of noncovalent
interactions that differs from the web stabilizing the condensate-spanning network formed by FUS-
C and 1(Tyr) or 5(DOPA). Specifically, we hypothesize that hydrophobic interactions contribute

to phase separation that results from mixing 3(Fs;Phe) with FUS-C.

We explored the role of hydrophobicity in our LLPS system by examining 7(Cha). The
cyclohexyl side chain lacks an aromatic n-system or H-bonding groups and is quite hydrophobic,
but 7(Cha) nevertheless displays a very high LLPS propensity when combined with FUS-C. Since
FUS-C contains few residues with nonpolar side chains, it seems unlikely that energetically
significant hydrophobic interactions occur between FUS-C and 7(Cha). Instead, we propose that
hydrophobically driven interactions occur between cyclohexyl side chains on different molecules
of 7(Cha) that are brought into proximity through interactions with FUS-C, and that these
hydrophobic interactions stabilize the condensate-spanning network. Coulombic interactions
presumably attract 7(Cha) to FUS-C, and the resulting charge neutralization promotes proximity

between different molecules of 7(Cha).

Microscopy observations suggest that the physical properties of condensates formed by mixing
FUS-C with peptides that bear H-bond-donating side chains, i.e., 1(Tyr) or 5(DOPA), differ from
the physical properties of those formed with peptides that bear hydrophobic side chains, such as
7(Cha). Condensate droplets formed with 1(Tyr) or 5(DOPA) persisted for at least 12 hr on the
surface of a BSA-passivated microscope slide. In contrast, the condensate droplets formed with
7(Cha), evident after 2 hr on the surface, could no longer be observed after 12 hr. It appeared that
these droplets had spread as a layer across the slide surface. Future studies will explore the
possibility that changing the profile of non-covalent forces that stabilize condensed phases of this

type can result in altered materials properties.
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We have established an experimental system to explore the hypothesis that cation-n
interactions play a major role in promoting LLPS mediated by Arg-rich and Tyr-rich polypeptides.
This study was inspired by extensive analysis of LLPS mediated by FUS and related proteins,
which contain an Arg-rich domain and a Tyr-rich domain.!?*¢° Use of different polypeptides to
provide the cationic and aromatic side chains, with the latter component short enough to be
accessible via chemical synthesis, has enabled us to build upon earlier experimental designs that
identified energetic contributions of isolated cation-w attractions to protein-ligand interactions.?!~
2853 Our results are not consistent with the hypothesis that cation- interactions play a significant
role in LLPS mediated by a designed 28-residue Tyr-rich peptide and an Arg-rich polypeptide
corresponding to the last 154 residues of FUS. Instead, our data suggest that H-bond donation by

the Tyr side chain hydroxyl group is an energetically important factor in the phase-separation

process.

We speculate that the conclusions drawn from these studies are relevant to membraneless
organelle formation within cells mediated by FUS and related proteins. Understanding the
noncovalent interactions that stabilize the dynamic macrmolecular assemblies within
membraneless organelles will provide a foundation for efforts directed toward targeting these

assemblies for biomedical applications.57-18:48.49.70.71

1.5 Materials and Methods

1.5.1 Material Source

Fmoc-protected amino acids, ethyl (hydroxyimino) cyanoacetate (Oxyma), N,N’-

diisopropylcarbodiimide (DIC),and hexafluorophosphate azabenzotriazole tetramethyl uronium
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(HATU) were purchased from Chem-Impex international. Fluorescein isothiocyanate was
purchased from Thermo Scientific. Diisopropylethylamine (DIEA), N,N-dimethylformamide
(DMF), dichloromethane (DCM), piperidine, trifluoroacetic acid (TFA), triisopropylsilane (TIPS),
thioanisole, acetonitrile, guanidinium chloride (GdmCl), sodium chloride (NaCl), Tris base,
Dulbecco’s PBS, RNA from torula yeast and BSA (7.5%) were purchased from Millipore Sigma.
SPPS reaction vessel syringes and caps were purchased from Torviq. Rink Amide Resin (Low
Loading) was purchased from CEM. Four-chamber glass bottom dishes were purchased from

Cellvis.

1.5.2 Peptide synthesis, purification, and characterization

All peptides were prepared via CEM MARS6 microwave-assisted solid phase peptide
synthesis. 50 umole Rink Amide ProTide resin (LL) was added to a Torviq solid-phase peptide
synthesis vessel with a stir bar. Resin was swelled in 1:1 v/v DMF:DCM for 10 minutes before the
synthesis. Fmoc amino acids (4 eq., 0.1 M) were activated with ethyl cyano(hydroxyimino)acetate
(Oxyma, 8 eq.) and N,N’-diisopropylcarbodiimide (DIC, 4 eq.), and this solution was added to the
reaction vessel. Regular coupling cycles were done at 70°C for 4 minutes. Double extended
coupling at 70°C for 12 min was performed for all noncanonical amino acids (TyrOMe, DOPA,
F3Phe, diOMe, Cha). Then the resin was washed 5 times with DMF. The Fmoc protecting group
was removed by reacting with 20% v/v piperidine in DMF at 80°C for 2 minutes. For peptides
bearing a fluorescein unit, a Fmoc-protected f-alanine residue was added to the N-terminus. After
the Fmoc group was removed, the resin-bound peptide was mixed with fluorescein isothiocyanate

(2 eq.) and DIEA (8 eq.) in DMF for 6 hours at room temperature in dark.
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After all residues had been added, the resin was mixed with the cleavage cocktail (8§ mL
per 50 umole), which is 94 % (v/v) TFA, 2.5 % (v/v) H20, 2.5 % (v/v) thioanisole, and 1% (v/v)
TIPS, at room temperature for 3 hours. The solution containing the crude cleaved peptide was
drained from the reaction vessel into a 50-mL falcon tube. Excess TFA was removed under a stream
of nitrogen, and about 35 mL of cold diethyl ether was added to precipitate the crude peptide. The
crude peptide pellet was isolated by filtration, washed with cold diethyl ether twice, and then dried

under nitrogen.

The crude peptide was dissolved in DMSO (2 mL per 50 umole) for HPLC purification.
Dissolved peptide was filtered through a 0.22-micron Nylon filter and purified on an Agilent
preparative HPLC system with a C18 CSH Prep column (5 pm, 19x250 mm, solvent A = H>O +
10 mM NH4O0H, solvent B = acetonitrile + 10 mM NH4OH, flow rate = 13 mL/min). Peptide
masses were determined using MALDI-TOF-MS and ESI-MS, and purity was characterized by
analytical UPLC (detection at 220 nm). HPLC fractions containing pure peptide were combined,
and this solution was lyophilized (freeze-dried) for long-term storage. The lyophilized powder was

dissolved in H>O for all experiments.

1.5.3 Protein expression, and purification

A plasmid containing TEV protease gene pDZ2087 was a gift from David Waugh (Addgene
plasmid # 92414). TEV protease was expressed and purified as previous reported. Purified TEV

protease was aliquoted and stored at -20 °C for future use.>?

The DNA fragments encoding two constructs: the wildtype FUS C-terminus (372-526) and

FUS C-terminus (372-526) with a Cys inserted between R524 and P525, with a TEV protease
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cleavage site at the N-terminus (sequence: ENLYFQG) and an additional 6 histidine residues at
the C-terminus (sequence: HHHHHH), were ordered from Twist Bioscience, and cloned into Aval
and EcoRI sites of vector pMAL-c5x (this vector contains the sequence for maltose binding
protein). The resulting plasmids were transformed into E. coli strain BL21(DE3), and cells were
grown at 37 °C in 2XYT with 100 pg/L ampicillin. At OD600 = 0.4, overexpression was induced
using 1 mM IPTG at 18 °C for 12 hr. After cells were harvested through the centrifugation, cells
were resuspended and lysed in 50 mM Tris buffer pH 7.5, 1000 mM NacCl, 0.5 mM TCEP, 1 mM
MgCl2, 200 pg/mL lysozyme, 10 pg/mL DNase I, and cOmplete protease inhibitor using
sonication. The protein was purified over a HisPrep FF column, and eluted with 50 mM Tris buffer
pH 7.5, 1000 mM NacCl, 0.5 mM TCEP and 500 mM imidazole. To remove the excess imidazole,
the protein solution was dialyzed against 10 volumes of buffer containing 50 mM Tris buffer pH
7.5, 150 mM NacCl, 0.5 mM TCEP. The protein was further purified using a Superdex 200 pg size
exclusion column. The purified FUS C-terminus (372-526) with Cys inserted was further treated
with 2 equivalents of maleimide-TAMRA and purified with another size-exclusion column to

generate TMR-FUS.

1.5.4 Confocal Microscopy

Glass-bottom confocal dishes were passivated with 1% BSA in PBS and washed three
times with MilliQ water. Peptide solutions were prepared by mixing 99 mol% unlabeled peptide
and 1 mol% fluorophore-labeled peptide in 50 mM Tris buffer pH 7.5, 150 mM NacCl. The protein
solution MBP-FUS-C was treated with 5 mol% TEV protease in 50 mM Tris buffer pH 7.5, 150
mM NacCl, 0.5 mM TCEP at room temperature for 6 hours. The cleavage product was then mixed

with the peptide solution. Peptide and protein solutions were mixed (3 times pipetting) in the
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confocal dish, and the solution was incubated at room temperature. We found reproducibility of
results depended on strict consistency in the mixing/pipetting protocol. Images were acquired on
a Nikon AXR confocal microscope equipped with a 60x oil immersed objective at different
timepoints. A 488-nm laser was used to excite the Fl-peptide samples; a 561-nm laser was used to

excite the TMR-FUS samples. Images were processed in Imagel] %

1.5.5 Fluorescence Recovery After Photobleaching (FRAP)

Peptide + FUS-C solutions containing 1 mol% labeled peptide or 1 mol% labeled protein were
prepared as in section 4 above. The pre-and post-bleaching images were acquired on a Nikon AXR
with the low laser power setting. A region of interest (ROI) with diameter = 1 um was selected at
the center of a relatively large droplet. Bleaching was performed with 100% 488-nm laser power
for 8 seconds to reach >80% fluorescence reduction. The fluorescence recovery was monitored

with the smallest time interval (2 sec).”®7!

1.5.6 Determination of peptide concentration in the dilute phase

Phase separation samples were prepared by combining 50 uM peptide (10 mol% fluorescein-
labeled) and 5 uM FUS-C in 50 mM Tris pH 7.5, 150 mM NaCl, 0.5 mM TCEP. The total volume
(Vo) was 0.4 mL. These samples were incubated for 30 minutes and then subjected to
centrifugation (13,000 g, 30 min) to force the condensed phase to the bottom of the tube. A small
aliquot (~ 10 pL) of the supernatant (assumed to be pure dilute phase) was then carefully removed
from the top of the sample. Absorbance at 488 nm, which arises from the fluorescein moiety, was

recorded for this sample via UV-Vis spectroscopy. Based on an extinction coefficient of 75,000 M-
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lem”,5 the absorbance at 488 nm was used to calculate the concentration of the peptide in the

dilute phase.

1.5.7 Measurement of droplet area

Phase separation samples were prepared by mixing appropriate amounts of peptide (1 mol%
fluorescein-labeled) and 5 puM FUS-C in 50 mM Tris pH 7.5, 150 mM NaCl, 0.5 mM TCEP. The
mixture was transferred to the confocal plate (1% BSA coated). The sample was allowed to stand
for 30 min to allow droplets to sediment. Images were taken afterwards. N = 4 independent

replicates (two measurements per replicate). Images were processed using ImageJ.%

1.5.8 Circular Dichroism

CD experiments were conducted at 25 °C on a JASCO J-1500 CD spectrometer. Peptide samples
were diluted to 50 uM in PBS, pH 7.4, and then transferred to a 1-mm quartz cuvette. The CD
spectrum was measured from 260 to 200 nm with 0.1 nm intervals at 4 second digital integration
time (D.1.T) at 100 nm/min scanning speed. The peptide concentrations were carefully remeasured
for CD experiments, and the accurate values were used for molar ellipticity calculations. The data

are presented as mean residue ellipticity in (degecm2+M ") averaged for ten spectral scans.
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Figure 1.15. Far-UV CD for the seven peptides discussed in the main text, each at 50 pM in
PBS, pH 7.4 at 25°C. The Tris buffer used for other experiments is not compatible with CD (very
poor signal-to-noise ratio below 210 nm). Data points with high tension (HT) over 700 V have
been excluded from the analysis. We conclude that each of the peptides in this study remains
largely unfolded in a neutral pH buffer, as expected in light of the high glycine content (15 of 28

residues).
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Figure 1.16. Representative confocal images of 50 uM 1a (A), 1b (B) or 1¢ (C) when mixed
with 5 uM FUS-C (1 mol% TAMRA-FUS-C). Scale bar = 5 um. None of these three peptides
induces phase separation under these conditions. Buffer condition: 50 mM Tris, pH 7.5, 150 mM

NaCl and 0.5 mM TCEP.

Figure 1.17. Representative DIC image of 5 uM maltose binding protein with 50 uM 1(Tyr).
Scale bar = 10 um. No coacervates or aggregates were observed. Solutions used for phase
separation studies contained FUS-C along with the maltose binding protein (which had been
detached by TEV protease treatment). We conclude that maltose binding protein does not
participate in the phase separation behavior observed for peptide + FUS-C pairings. Buffer

condition: 50 mM Tris, pH 7.5, 150 mM NaCl and 0.5 mM TCEP.
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Figure 1.18. Representative confocal images after 6 M guanidine HCI treatment of droplets
formed between 5 uM FUS-C and 50 uM 1(Tyr) (1 mol% fluorescein-1(Tyr), A), S(DOPA) (1
mol% fluorescein-5(DOPA), B), or 7(Cha) (1 mol% fluorescein-7(Cha), C). Scale bar = 5 um.
No droplets were observed after the treatment with guanidine HCI. For the sample containing

5(DOPA), this result indicates a lack of large-scale covalent crosslinking. Buffer condition: 50

mM Tris, pH 7.5, 150 mM NaCl and 0.5 mM TCEP.
Prebleach 0.0s

2.0s 4.0s 6.0s

Figure 1.19. Representative confocal micrographs of coacervates formed with 5 pM FUS-C and

50 uM 7(Cha) (1 mol% fluorescein-7(Cha)) at the 12-hour timepoint. No clear boundary for
coacervate droplets was observed. Instead, the condensed phase appeared to have spread across
the surface. These images show results of a FRAP experiment. Laser irradiation bleaches a
region of the condensed phase covering the surface, and recovery of fluorescence is observed.

Scale bar = 2 um. Buffer condition: 50 mM Tris, pH 7.5, 150 mM NaCl and 0.5 mM TCEP.



1.6 MALDI-TOF-MS Spectra and UPLC Data for Synthetic Peptides
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1 (Tyr): H,N-GGGYEEEYGGGYGGGYEEEYGGGYGGGY-NH,

MALDI-TOF-MS: calculated monoisotopic [M+NH4]" = 2806.137

observed monoisotopic [M+NH4]" = 2806.369

[M+4NH,]* = 2860.461

[M+4NH,]* = 2860.137

UPLC: HoO/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier

CSH C18 (130 A 1.7 pm, 2.1 x 150 mm) column.
Purity > 99.0 %
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la: H,N-GGGYKKKYGGGYGGGYEEEYGGGYGGGY-NH,

MALDI-TOF-MS: calculated monoisotopic [M+Na]" = 2809.886 [M+DMSO+H]" = 2865.886

observed monoisotopic [M+Na]*=2809.180 [M+DMSO-+H]" =2865.128

UPLC: H,O/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130 A 1.7 pm, 2.1 x 150 mm) column.

Purity > 99.0 %
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1b: H,N-GGGYEEEYGGGYGGGYKKKYGGGYGGGY-NH,

MALDI-TOF-MS: calculated monoisotopic [M+H]"=2786.886 [M+Na]"=2809.886

observed monoisotopic [M+H]" =2786.985 [M+Na]"=2809.836

UPLC: H,O/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130 A 1.7 pm, 2.1 x 150 mm) column.

Purity > 99.0 %
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lc: H,N-GGGYKKKYGGGYGGGYKKKYGGGYGGGY-NH,

MALDI-TOF-MS: calculated monoisotopic [M+Na]" = 2807.062 [M+DMSO+H]" = 2863.062

observed monoisotopic [M+Na]*=2807.322 [M+DMSO+H]"=2863.128

UPLC: HoO/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130 A 1.7 pm, 2.1 x 150 mm) column.

Purity > 99.0 %
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2(Phe): H,N-GGGFEEEFGGGFGGGFEEEFGGGFGGGF -NH,

MALDI-TOF-MS: calculated monoisotopic [M+NH4]" =2694.072 [M+4NH4]" =2748.072

observed monoisotopic [M+NH4]" =2694.079 [M+4NH4]" =2748.578

UPLC: HoO/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CCSH C18 (130 A 1.7 pm, 2.1 x 150 mm) column.

Purity = 94.1 %
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3(F3Phe): H;N-GGGXEEEXGGGXGGGXEEEXGGGXGGGX-NH, (X = F;Phe)

MALDI-TOF-MS: calculated monoisotopic [M+NH4]" = 3073.640

observed monoisotopic [M+NH4]" = 3075.087

UPLC: HoO/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130 A 1.7 pm, 2.1 x 150 mm) column.

Purity = 95.09 %
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4(TyrOMe): H,N-GGGXEEEXGGGXGGGXEEEXGGGXGGGX-NH, (X = TyrOMe)

MALDI-TOF-MS: calculated monoisotopic [M+NH4]" =2906.020 [M+4NH4]" =2962.020

observed monoisotopic [M+NH4]" =2908.557 [M+4NH4]"=2962.617

UPLC: H,O/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130 A 1.7 pm, 2.1 x 150 mm) column.

Purity > 99.0 %
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5(DOPA): H;N-GGGXEEEXGGGXGGGXEEEXGGGXGGGX-NH, (X = DOPA)

MALDI-TOF-MS: calculated monoisotopic [M+NH4]" =2919.83

observed monoisotopic [M+NH4]" =2919.892

UPLC: HoO/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130 A 1.7 pm, 2.1 x 150 mm) column.

Purity > 99.0 %
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6(diOMe): H,N-GGGXEEEXGGGXGGGXEEEXGGGXGGGX-NH, (X = diOMe)

MALDI-TOF-MS: calculated monoisotopic [M+NH4]" = 3117.96

observed monoisotopic [M+NH4]" = 3116.20

UPLC: H,O/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130 A 1.7 pm, 2.1 x 150 mm) column.

Purity > 99.0 %
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7(Cha): H,N-GGGXEEEXGGGXGGGXEEEXGGGXGGGX-NH, (X = Cha)

MALDI-TOF-MS: calculated monoisotopic [M+H]"=2719.41

observed monoisotopic [M+H]" =2719.359

UPLC: HoO/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130 A 1.7 pm, 2.1 x 150 mm) column.

Purity > 99.0 %
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FITC-1(Tyr): FITC- (BAla)-GGGYEEEYGGGYGGGYEEEYGGGYGGGY-NH,

ESI-MS: calculated monoisotopic [M+3H]*" = 1084.063
observed monoisotopic [M+3H]*" = 1084.054

(*ESI-MS was used for this peptide due to high laser fragmentation of the fluorescein ground
under MALDI-TOF-MS condition)

UPLC: HoO/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130 A 1.7 pm, 2.1 x 150 mm) column.

Purity = 97.38 %
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FITC-2(Phe): FITC- (PAla)-GGGFEEEFGGGFGGGFEEEFGGGFGGGF-NH,

ESI-MS: calculated monoisotopic [M+3H]*" = 1046.0533
observed monoisotopic [M+3H]*" = 1046.7262

(*ESI-MS was used for this peptide due to high laser fragmentation of the fluorescein ground
under MALDI-TOF-MS condition)

UPLC: HoO/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130 A 1.7 um, 2.1 x 150 mm) column.

Purity = 95.24 %
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FITC-3(F3Phe): FITC- (BAla) -GGGXEEEXGGGXGGGXEEEXGGGXGGGX-NH,

F;Phe)

ESI-MS: calculated monoisotopic [M+2H]*" = 1757.983
observed monoisotopic [M+2H]*" = 1757.992

(*ESI-MS was used for this peptide due to high laser fragmentation of the fluorescein ground

under MALDI-TOF-MS condition)

400 450 500 550 600

Minutes

700 750
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[M+Na+2H]?* = 1769.485

8.00

UPLC: HoO/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130 A, 1.7 pm, 2.1 x 150 mm) column.

Purity > 99.0 %
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+MS, 10.6-11.0min #608-631|

FITC-4(TyrOMe): FITC- (BAla) -GGGXEEEXGGGXGGGXEEEXGGGXGGGX-NH, (X =

TyrOMe)

ESI-MS: calculated monoisotopic [M+3H]*" = 1116.412 [M+2H]*" = 1674.118
observed monoisotopic [M+3H]** =1117.085 [M+2H]*" =1675.123

(*ESI-MS was used for this peptide due to high laser fragmentation of the fluorescein ground

under MALDI-TOF-MS condition)

UPLC: HoO/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130 A, 1.7 pm, 2.1 x 150,mm) column.

Purity > 99.0 %
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FITC-5(DOPA): FITC- (BAla) -GGGXEEEXGGGXGGGXEEEXGGGXGGGX-NH, (X =
DOPA)

ESI-MS: calculated monoisotopic [M+3H]*" = 1123.748
observed monoisotopic [M+3H]*" =1124.417

(*ESI-MS was used for this peptide due to high laser fragmentation of the fluorescein ground
under MALDI-TOF-MS condition)

UPLC: HoO/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130 A, 1.7 pm, 2.1 x 150mm) column.

Purity = 97.97 %
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FITC-6(diOMe): FITC- (BAla)-GGGXEEEXGGGXGGGXEEEXGGGXGGGX-NH, (X =
dioMe)

ESI-MS: calculated monoisotopic [M+3H]*" = 1186.100 [M-+4H]*" = 889.825
observed monoisotopic [M+3H]** =1186.114 [M+3H]*" = 890.339

(*ESI-MS was used for this peptide due to high laser fragmentation of the fluorescein ground
under MALDI-TOF-MS condition)

UPLC: HoO/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130 A 1.7 um, 2.1 x 150 mm) column.

Purity = 98.12 %
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FITC-7(Cha): FITC- (BAla) -GGGXEEEXGGGXGGGXEEEXGGGXGGGX-NH, (X =

Cha)

ESI-MS: calculated monoisotopic [M+3H]*" = 1060.497
observed monoisotopic [M+3H]*" = 1060.841

(*ESI-MS was used for this peptide due to high laser fragmentation of the fluorescein ground
under MALDI-TOF-MS condition)

UPLC: HoO/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130 A 1.7 pm, 2.1 x 150 mm) column.
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Chapter 2

Exploring the Effects of Sequence-Dependent Charge Patterning on Multiphase Separation

of Intrinsically Disordered Proteins

Experiments were designed by Ruiwen Xu and Samuel H. Gellman.
Experiments were performed by Ruiwen Xu.

Graphics were prepared using Microsoft PowerPoint, GraphPad Prism, ImageJ.
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2.1 Abstract

Previous studies of liquid-liquid phase separation (LLPS) in the Gellman lab focused on
understanding the effects of peptide side chains and the underlying principles of biomolecular
condensates in vitro. This chapter represents a shift from studying the effects of amino acid
composition to studying the effects of phase separation behavior. More specifically, we sought to
understand how the linear arrangement of oppositely charged residues, quantified by the « (kappa)
parameter, modulates miscibility in multiphase condensates. Using two phase-separating proteins,
CBX5 and NPM1, we generated high « (segregated charged residues) and low k (mixed charged
residues) synthetic variants by shuftling charged residues while maintaining identical amino acid
compositions. Mixing experiments revealed that native CBX5 and NPM1 fully colocalize within
single-phase condensates. However, combinations involving charge-patterned variants exhibit
partial colocalization, with increased demixing observed for high-k constructs. Bio-layer
interferometry (BLI) confirms that k¥ modulates protein-protein interaction strengths. These
findings suggest that charge patterning, independent of composition, can be a determinant of
condensate miscibility, positioning k as a predictive design parameter for engineering LLPS-based

systems.

2.2 Introduction

Liquid-liquid phase separation (LLPS) is a fundamental organizing principle in cell biology,
enabling the formation of membraneless organelles such as the nucleolus, stress granules, P-bodies,
and heterochromatin domains.!~> These biomolecular condensates arise from dynamic, multivalent

interactions among proteins and nucleic acids, allowing cells to spatially and temporally regulate
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biochemical reactions without relying on membrane encapsulation.>®® A central class of
molecules involved in LLPS are proteins that contain intrinsically disordered regions (IDRs),
which lack a fixed tertiary structure and are enriched in low-complexity sequences.’!? Their
conformational flexibility and modular interaction motifs make them ideal scaffolds for phase

separation.

Over the past decade, LLPS has gained interest in synthetic biology as a strategy to create
programmable compartments for organizing and regulating biochemical reactions in vitro. One
exciting area is the creation of multiphase condensates that contain multiple, coexisting liquid
phases with distinct composition and properties.'*!* Such multiphasic organization is observed in
both natural and synthetic systems, as layered or spatially discrete condensates with unique
compositions and material properties.!>!® While the amino acid composition of IDRs, such as the
proportions of charged, aromatic, or polar residues, has been widely studied in the context of
LLPS,!"-2% we are interested in understanding the role of sequence patterning in governing phase
behavior. One quantitative measure of charge patterning is the k (kappa) parameter.** « is a
measurement of the extent of charge segregation in a sequence as defined Das and Pappu in 2013.3°
For x, a value near 0 corresponds to a well-mixed distribution of oppositely charged residues,
while a value near 1 indicates that like charges are spatially clustered into blocks. k is calculated
independent of net charge or overall amino acid content, focusing on the charged residue
distribution alone. We are interested in understanding the role of k in modulating phase

compatibility between different proteins in a multiphasic system.
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Figure 2.1. Schematic depiction of the implication of changing k values. Here, red and blue
spheres represent positively charged residues and negatively charged residues, respectively. This
image was regenerated based on Figure 1b from Holehouse et al.>°

To explore this hypothesis, we studied two proteins with known phase separation behavior:
human Chromebox homolog 5 (CBXS5 below, also known as HP1a)*!*? and human nucleophosmin
1 (NPM1 below).?*3* Although unmodified human CBX5 alone does not undergo phase separation
in vitro, previous studies have shown that phosphorylation of its N-terminal extension or binding
to DNA can promote phase separation.’>-® Mensah et al. found that the addition of PEG-8000 to
the buffer can successfully induce phase separation of human CBXS, forming liquid-like
condensates that contribute to heterochromatin organization.’” Disordered regions of CBX35 are
rich in charged and polar residues. NPM1 is a well-known scaffold of nucleolar sub-compartments
and drives LLPS via interactions with RNA and other nucleolar proteins.?*** We generated both
CBXS5 and NPM1 using recombinant expression in E. coli, and confirmed that under LLPS-
promoting conditions, the wild-type proteins are fully miscible—meaning they mix together to
form uniform, single-phase condensates. To test whether charge patterning influences phase
behavior, we generated a synthetic low-«k (charge-dispersed) variant of CBX5 and a high-« (charge-
clustered) variant of NPM1. Each variant was a sequence isomer of the original protein. That is,
each variant had the same amino acid composition as the original protein. These sequences
preserve amino acid composition and net charge, allowing us to isolate the effects of k on phase

behavior. Using confocal microscopy and bio-layer interferometry (BLI),**? we characterized the
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effects of k on phase separation behavior and protein-protein interaction strength. Our results
revealed that charge patterning modulates protein-protein interactions and condensate miscibility.
These findings demonstrate that k can serve as a predictive and tunable design parameter for
programming multiphase behavior in synthetic condensates, and underscore the broader principle

that sequence context, not just content, governs the emergent properties of LLPS systems.

2.3 Results and Discussion
2.3.1 Multiphase Separation Protein Construct Screen

At the beginning of this project, I was particularly interested in how phase separation
relates to transcriptional regulation. In eukaryotic cells, phase separation plays two key roles: the
formation of membraneless organelles (such as the nucleolus or stress granules),!>#!4? and the
regulation of transcriptional and post-transcriptional processes.***> During transcription,
intrinsically disordered regions (IDRs) within transcription factors, coactivators, and RNA-
binding proteins can engage in multivalent interactions that lead to the formation of biomolecular
condensates.*** These condensates influence multiple stages of gene regulation, including
transcription initiation, elongation, RNA splicing, and mRNA modification.**® These processes
often rely on weak, multivalent interactions that promote dynamic but selective phase-separated

environments.*’

To explore the possibility of generating multiphase protein condensates, I first reviewed
relevant findings in the literature. One particularly influential study by Mensah et al. investigated
how different IDR-containing proteins interact within model condensates.?” They studied the

partitioning of a wildtype mEGFP-HMGBI1 protein and a mutant version (E186R) into preformed
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condensates of mCherry-MED1-IDR, mCherry-HP1a (CBXS5), and mCherry-NPM1. Interestingly,
the E186R mutant of HMGB1 showed preferential localization at the droplet periphery, suggesting
that even small changes in IDR properties can dramatically affect miscibility.?” This work

prompted me to study similar systems using my own set of recombinant proteins.

Mediator subunit 1(MEDI1) is a key protein of the mediator complex, regulating
transcription by bridging transcription factors and RNA polymerase 11.°° MEDI1 contains large
IDRs that have been shown to undergo phase separation. High mobility group box 1 (HMGBI1) is
a chromatin-associated architectural protein involved in transcription regulation and cellular stress
response.®! It also contains disordered regions that promote phase separation. As a first step, I
tested whether full-length mEGFP-HMGB1 and mCherry-MED1 could phase-separate
independently under relevant buffer conditions in the presence of a crowding agent (10% PEG-
8000). The mEGFP and mCherry fluorescent tags enabled visualization of the protein condensates
under confocal microscopy. Both proteins successfully formed condensates, confirming their
intrinsic ability to undergo LLPS (Figure 2.2A). When I combined 0.5 uM mEGFP-HMGBI and
10 uM mCherry-MEDI, I observed colocalization of green and red fluorescent signals within the
same droplets under confocal microscopy (Figure 2.2B). This suggested that these two proteins

are miscible and can form a single, mixed condensed phase.

To explore potential immiscibility, I next tested mixtures involving other known phase-
separating proteins. I prepared condensates of MBP-FUS-C, a C-terminal low-complexity domain
of FUS protein known for its strong tendency to phase separate (see Chapterl for sequence of
FUS-C). When MBP-FUS-C was mixed with mCherry-MEDI, I observed the formation of two
distinct populations of droplets: red droplets from mCherry-MEDI1, and colorless droplets from

MBP-FUS-C (Figure 2.2D). There was little to no overlap between them, suggesting that these
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proteins do not co-partition and instead form immiscible condensates. A different outcome
occurred when I combined eGFP-HMGB1 with MBP-FUS-C: only green droplets were visible,
and no colorless droplets from MBP-FUS-C were observed under confocal microscopy (Figure

2.2E). These observations supported the idea that not all IDR-containing proteins readily mix.

A eGFP-HMGBI1 mCherry-MED1 e¢GFP-HMGBI1 mCherry-MEDI Merge

C 10 uM 0.5 uM
mCherry-MED1 mEGFP-HMGBI

D E
[ Mix
+ L — Microscopy
g o
S

10% PEG-8000
Equilibrated separately (60min)

Figure 2.2. A. Single phase formed by 10 uM mEGFP-HMGB1 on BSA-coated confocal plate
(left) and single phase formed by 10 uM mCherry-MED1 on BSA-coated confocal plate (right).
Scale bar 10 pum. B. Colocalization of 0.5 uM eGFP-HMGBI1 10 uM mCherry-MEDI1. Green
channel: mEGFP-HMGBI; red channel: mCherry-MEDI1. Scale bar 2 ym. C. Scheme of co-
droplet assays. D. Separated multiphase separation observed by 10 uM mCherry-MED1 and 1 pM
MBP-FUS-C on BSA-coated confocal plate. E. Merged droplet between 10 uM mEGFP-HMGBI1
and 1 uM MBP-FUS-C on BSA-coated confocal plate. Buffer: 50mM Tris pH 7.5, 150mM NaCl,
0.5mM TCEP, 10% PEG-8000. Scale bar 10 um.
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Figure 2.3. A. Scheme of co-droplet assays B. Colocalization of 20 uM mCherry-MEDI and
droplets formed 10 uM FUS-C with 100 uM FITC-labeled pep Cha. Green channel: droplets
formed by FUS-C/pep Cha; red channel: mCherry-MED]. Scale bar 5 um. C. 3D image generated
from B. D. Intensities of droplets in the region of interest from B. The green droplets do not
colocalize with the red droplets. Buffer: 50 mM Tris pH 7.5, 150 mM NaCl, 0.5 mM TCEP, 10%
PEG-8000.

To further test the hypothesis that some IDR-containing proteins form immiscible
condensates, I conducted a mixing experiment using pre-assembled mCherry-MED1 droplets and
FITC-labeled pep Cha (a synthetic phase-separating peptide construct from Chapter 1)
incorporated into FUS-C condensates. Again, [ observed complete spatial segregation: red droplets
of MED1 and green droplets of FUS-C/pep Cha, with no observable overlap (Figure 2.3B). These
distinct compartments coexisted in the same field of view but did not coalesce over 2 hours, clearly

demonstrating multiphasic behavior.



79

This raised the question of what drives the miscibility or immiscibility of phase-separated
condensates. While factors such as overall charge, hydrophobicity, and amino acid composition
are known to influence LLPS, I focused on one parameter, linear charge patterning, quantified by
the k (kappa) value.’® The k parameter captures how charged residues (arginine, lysine, glutamate,
aspartate) are distributed along the protein sequence (Figure 2.1). A low « value indicates a well-
mixed distribution of oppositely charged residues, while a high « value reflects clustering of like
charges into blocks. This patterning can have a profound effect on the way proteins interact,

particularly through electrostatic complementarity or repulsion.?6->2

FUS-C had a « value of 0.097, while MED1 had a slightly higher x of 0.162. Although
subtle, this difference may reflect an important design principle for condensate compatibility.
These results led me to consider whether «k alone, independent of overall amino acid composition,
could serve as a predictor of condensate compatibility. These results ultimately motivated the
design of the CBX5 and NPM1 « variants described in later sections. By directly tuning charge
patterning (while keeping amino acid composition constant), we aimed to investigate how «

influences miscibility, condensate behavior, and protein—protein interaction strength.

2.3.2 Native CBXS and NPM1 Form Fully Miscible Condensates

To establish a baseline for assessing phase compatibility, we first examined the phase
separation behavior of wildtype human CBXS5 and human NPM1. Here we used small-molecule
fluorescent tags fluorescein (FITC) and tetramethylrhodamine (TAMRA) rather than fluorescent
protein mEGFP and mCherry as the labeling strategy. Fluorescent proteins can be too big to

interfere the protein-protein interactions thus influencing the phase separation behaviors. We
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observed phase separation under microscope for both 50 uM FITC-labeled CBX5 (Figure 2.4A)
and 50 uM TMARA-labeled NPM1 (Figure 2.4B) in separate confocal dishes. However, when we
incubated the two proteins for 30 minutes, we noticed an inconsistent results (Figure 2.4 C-D). In
Figure 2.3C, CBXS5 and NPM1 were completely immiscible. In Figure 2.4D, part of the NPM1
condensate was fused with one of the CBXS droplets. We hypothesized that the hydrophilic nature
of both proteins, prone to stick to the bovine serum albumin (BSA) coated confocal glass dish,
slowing down the movement and merging of the condensates. We then changed the coating from
hydrophilic (BSA) to hydrophobic, Pluronic F127 (PF-127).>* With the PF-127 treated confocal
dish, we combined FITC-labeled CBX5 and TAMRA-labeled NPM1 at equimolar concentrations.
Both proteins formed well-mixed, spherical condensates with complete colocalization, as assessed

by fluorescence microscopy (Figure 2.2E).

Sum

Figure 2.4. A. Single phase formed by 50 uM FITC-labeled wildtype CBX5 on BSA-coated
confocal plate. B. Single phase formed by 50 uM TAMRA-labeled wildtype NPM1 on BSA-coated
confocal plate. C. Separated multiphase separation observed by 50 uM FITC-labeled wildtype
CBXS and 50 uM TAMRA-labeled wildtype NPM1 on BSA-coated confocal plate. D. Merged
droplet between 50 pM FITC-labeled wildtype CBXS5 and 50 uM TAMRA-labeled wildtype
NPM1 on BSA-coated confocal plate. E. Colocalization between 10 uM FITC-labeled wildtype
CBXS and 10 uM TAMRA-labeled wildtype NPM1 on a PF-127 coated confocal plate. Buffer: 50
mM Tris, pH 7.5, 150 mM NaCl, 0.5 mM TCEP, 10% PEG-8000. Scale bar 5 um.
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2.3.3 Charge Patterning Alters Miscibility in Condensates

To investigate the effect of charge patterning, we computationally designed low-k (charge-
dispersed) variant of CBX5 and high-k (charge-clustered) of NPM1 using local CIDER, a tool
developed by Pappu lab for analyzing IDP sequence properties.’* Charged residues (K, R, D, E)
were shuffled within each protein to modulate local charge density while keeping the amino acid
composition unchanged. k values were calculated using the method described by Das and Pappu
2013.3° High «k sequences exhibit contiguous blocks of similarly charged residues, while low k
sequences feature well-mixed distributions of opposite charges. As summarized in Table 2.1, wild-
type CBX5 and NPM1 exhibited intermediate k values of 0.21 and 0.39, respectively. CBX5 low
Kk was engineered to have k =0.06 and NPM1 high k was engineered to have k = 0.46. The relative

charge distribution of each construct was shown in Figure 2.5.
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Figure 2.5. Net charge per residue (NCPR) lot for CBXS5 (A), CBXS5 low « (B), NPM1 (C),
NPMI1 high k (D). Red color bars indicated positively charged residues and green color bars
indicated negatively charged residues.
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Figure 2.6. Colocalization of 25 uM FITC-labeled wildtype CBXS5 and 25 uM TAMRA-labeled
CBX5 low k. Green channel: FITC-labeled wildtype CBXS5 (A); red channel: TAMRA-labeled
CBXS5_low « (B); merged (C). Colocalization of 10 pM FITC-labeled wildtype NPM1 _ high «
and 10 uM TAMRA-labeled NPM1. Green channel: FITC-labeled wildtype NPM1 _ high « (D);

red channel: TAMRA-labeled NPM1 (E); merged (F). Buffer: 50 mM Tris, pH 7.5, 150 mM NaCl,
0.5 mM TCEP, 10% PEG-8000. Scale bar 5 pm.

We next studied how x value would affect phase separation behavior by performing
pairwise mixing experiments using fluorescently labeled protein constructs. Mixtures of FITC-
labeled wildtype CBX5 and TAMRA-labeled CBXS5 low k produced homogenous condensates
(Figure 2.6 A-C). Similarly, TAMRA-labeled wildtype NPM1 and FITC-labeled NPM1 high «
also formed uniform phase-separated droplets (Figure 2.6 D-F). Surprisingly, when TAMRA-
labeled CBXS5 low k and FITC-labeled NPM1 high k were combined at equal molar ratios, in
contrast to the native proteins, partially colocalized condensates was observed, with both merged

droplets and protein-specific proteins (Figure 2.7). TAMRA-labeled CBX5 low « protein formed
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both single-color red droplets (unmixed) and merged droplets containing FITC-labeled
NPMI _high k. NPM1 high « protein was detected only in merged droplets with CBX5 low k and
did not form single-color green droplets. This asymmetric miscibility suggests that NPM1_high «
requires a binding partner to nucleate LLPS, whereas CBXS5 low « can self-condense but does not
fully integrate with NPM1 high «. This type of partial colocalization suggested that mismatched

charge patterning reduces the favorability of heterotypic interactions, promoting partial demixing.

Table 2.1 Comparison of k value of protein constructs.

Protein K value
CBXS5 0.21
CBXS5_low k 0.06
NPMI 0.39
NPMI1 _high 0.46
CBXS5 lowx  NPMI highx Merge

Figure 2.7. Partial colocalization between 10 uM TAMRA-labeled CBX5 low k and 10 uM FITC-
labeled NPM1 _high « and merged image on the right on a PF-127 coated confocal plate. Buffer:
50 mM Tris, pH 7.5, 150 mM NacCl, 0.5 mM TCEP, 10% PEG-8000. Scale bar = 2 um.
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2.3.4 x Modulates Protein-Protein Interaction Strength

To directly probe how charge patterning influences intermolecular association, we used
BLI to measure the binding affinities.’®*4° Wildtype CBX5 (no fluorescent tag) was used as the
immobilized ligand. The binding affinity was tested against wildtype CBX5 and NPMI,
CBXS5_low k and NPM1 _high k. CBXS5 was covalently attached to the sensor surface using direct
surface immobilization using amine-reactive coupling chemistry (EDC/NHS activation). The
intrinsically disordered nature makes these proteins prone to nonspecific binding, making it hard
to determine the number of substrates binding to the ligand. Here, we analyzed the binding data in
two different fitting models: 1:1 binding model (Figure 2.8 A) and 2:1 heterogeneous binding
model (Figure 2.8 B).% 7 The 1:1 binding model assumes a simple interaction where one analyte
molecule binds to a single site on the ligand, characterized by a single association and dissociation
event. In contrast, the 2:1 heterogeneous ligand binding model accounts for more complex binding

behaviors, including multiple binding sites or heterogeneous interactions.
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Figure 2.8. A. Comparison of K4 value calculated based on 1:1 binding model for different k
protein variants interacting with CBXS5. N = 3, Error bar, SEM. B. Comparison of K4l and K42
value calculated based on 2:1 binding model for different k protein variants interacting with CBXS.
N = 3, Error bar, SEM.
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The BLI data revealed that the binding strength depends not only on the amino acid
composition, but also on how charged residues are distributed in the sequence. The affinity of
immobilized CBXS5 for CBXS in the mobile phase was different from the affinity of immobilized
CBXS for CBXS5_low « in the mobile phase (Figure 2.8A). While all three of the protein constructs
contain the same amino acid composition, wildtype CBXS5 had Kq4 of 130 nM, and CBXS5_low «
had Kgq of 100 nM. These results indicate that charge patterning alone, independent of overall
composition, significantly affects binding affinity. A similar trend was observed in Figure 2.8B
when the 2:1 binding model was used for calculation. A different trend was observed when testing
NPMI variants as analytes. When using the 1:1 binding model, wildtype NPM1 had the stronger
affinity for CBXS5 (Kq¢ = 47 nM), while NPM1 _high « showed progressively weaker binding (Kq

=103 nM). A similar trend was observed using the 2:1 binding model (Figure 2.8B).

2.4 Conclusion and Future Directions

In this study, we explored how linear charge patterning, quantified by the k parameter, can
influence the phase separation behavior and protein-protein interaction. We focused on four phase-
separating proteins: wildtype CBX5 and NPM1, along with two engineered variants, CBX5 low
K (charge-dispersed) and NPM1 high « (charge-clustered). These k variants were designed to
retain the same amino acid composition as the respective wildtype proteins, differing only in the
distribution of charged residues. By altering the « values, we generated "low k" sequences with
evenly mixed positive and negative charges and "high " sequences with extended clusters of
similarly charged residues, allowing us to probe the role of charge patterning in condensate

behavior and intermolecular binding.
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We first tested wildtype CBX5 and NPM1 and noticed inconsistent results under confocal
microscopy. On hydrophilic, BSA-coated glass, their droplets remained largely separate or showed
partial fusion. Switching to a hydrophobic PF-127 coating enabled full colocalization of the two
proteins. This outcome showed that wildtype CBX5 and NPM1 are compatible and can form
homogenous condensates, but the surface coating can interfere with mixing. Our experiments
showed that « strongly influences how these proteins behave in solution. When we mixed proteins
with similar or comparable « values, such as wildtype CBX5 with CBXS5 low « or wildtype NPM1
with NPM1 high «, they formed well-mixed and uniform phase-separated droplets. However,
when we combined proteins with mismatched k values, CBX5 low k and NPM1 high «, we
observed partial colocalization. We observed both merged droplets and separate, single-color
droplets (from CBX5 low «), suggesting that the proteins did not fully interact with each other.

This suggests that mismatched charge patterns reduce the strength of their interactions.

To further test how « affects protein-protein interactions, we used BLI to measure binding
strength between CBXS5 and its variants or NPM1 variants. The results showed that k had a clear
effect on binding affinity. For example, CBXS5 high « bound more tightly to wildtype CBXS than
CBX5_low x, even though the sequences had the same amino acid composition. On the other hand,
NPMI high « showed weaker binding than wildtype NPM1. These differences confirm that it is
not just the amino acid composition, but how the charges are arranged, that determines how

strongly proteins interact.

Together, these results show that how charges are arranged in a protein plays a big role in
both droplet formation and binding strength. Even if two proteins have the same composition,
changing the layout of their charged residues can control whether they mix or stay separate, and

how tightly they bind.
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In the future, we can apply this approach to other disordered proteins to see if similar rules
apply. It would also be useful to study how « affects droplet behavior over time, such as fusion,
viscosity, or exchange rates. Overall, x is a simple but powerful tool for tuning protein phase
separation behavior. Our findings demonstrate charge patterning, independent of sequence
composition, can be another key determinant of condensate miscibility, positioning k as a
predictive design parameter for engineering phase-separation systems in both biological and

synthetic contexts.

2.5 Experimental Methods

2.5.1 Protein Expression and Purification

The DNA fragments encoding four constructs: the wildtype CBXS, wildtype NPM1,
CBXS5_low k, and NPM1 _high «, were ordered from Twist Bioscience, and cloned into Ndel and
Aval sites of vector pET-21b. The resulting plasmids were transformed into E. coli strain
BL21(DE3). For both wildtype CBXS5 and wildtype NPM1, the cells were grown at 37 °C in LB
media with 100 pg/L ampicillin. For CBXS5 low k, and NPMI1 _high «, the cells were grown at
37 °C in terrific broth with 100 pg/L ampicillin. At OD600 = 0.4, overexpression was induced
using 1 mM IPTG at 18 °C for 12 hr. After cells were harvested through the centrifugation, cells
were resuspended and lysed in 50 mM Tris buffer pH 7.5, 300 mM NaCl, 0.5 mM TCEP, 1 mM
MgCly, 200 pg/mL lysozyme, 10 pg/mL DNase I, and cOmplete protease inhibitor using
sonication. The protein was purified over a HisPrep FF column, and eluted with 50 mM Tris buffer
pH 7.5, 300 mM NacCl, 0.5 mM TCEP and 500 mM imidazole. To remove the excess imidazole,

the protein solution was dialyzed against 10 volumes of buffer containing 50 mM Tris buffer pH
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7.5, 150 mM NaCl, 0.5 mM TCEP. The protein was further purified using a Superdex 200 pg size
exclusion column. The purified proteins were further treated with 2 equivalents of maleimide FITC
or maleimide-TAMRA and purified with another round of size-exclusion column to obtain the
labeled proteins. To determine whether the proteins were labeled with fluorophores, I used a
Nanodrop measurement of A280 and emission from the fluorescent dye and the results indicated
1:1 molar ratio of protein to dye. However, this bulk stoichiometry does not rule out the possibility
that some proteins could have no dye modules, and some proteins could have two or three dye

modules attached. Each protein has three Cys residues.

2.5.2 Confocal Microscopy

For glass-bottom confocal dishes coated with BSA, the glass dishes were incubated with
1% BSA in PBS for 1 hour and washed three times with MilliQ water and were then ready to use.
For confocal dishes coated with PF-127, the glass dishes were incubated with 0.5% PF-127 in 50
mM Tris pH 7.5, 150 mM NacCl for 15 min at room temperature, and washed two times with the
phase separation assay buffer. The slides or plates were then ready for use. It is important that once
treated with PF127, the slides or plates must be kept under an aqueous solution. Drying irreversibly

damages the self-assembled surfactant layer, which impacts the phase separation ability.

The labeled-protein was incubated with 50 mM Tris pH 7.5, 150 mM NacCl, 0.5mM TCEP,
10% PEG-8000 on treated confocal dishes for 30 minutes. Images were acquired on a Nikon AXR
microscope using a 60X oil immersion objective. A 488-nm laser was used to excite the Fl-peptide
samples; a 561-nm laser was used to excite the TMR-FUS samples. Images were processed in

Imagel.
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2.5.3 Bio-layer Interferometry

BLI experiments were performed on an Octet Red96 (Sartorius) instrument, with AR2G
biosensors (Amine Reactive 2nd Gen). Before loading, 60 s baseline was recorded. 50 ug/mL
CBXS was loaded on the tips for 300 s, followed with 300 s quenching step. After loading, all
biosensors underwent a 180 s baseline, and treated with 10 uM substrates of 600 s association and
600 s dissociation. Baseline measurements of loaded tips with no substrate were subtracted from
their matched measurement of the loaded tip. Global kinetic fitting was used to determine Kgs

across the dilution series.

2.5.3.1 Fitted Data Graph for Bio-layer Interferometry

CBXS5 (immobilized) interacted with CBXS (substrate), 1:1 model
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CBXS5 (immobilized) interacted with CBXS5 (substrate), 2:1 model
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CBXS5 (immobilized) interacted with CBXS5 low « (substrate), 2:1 model
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CBXS5 (immobilized) interacted with NPM1 (substrate), 2:1 model
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CBXS5 (immobilized) interacted with NPM1 _high « (substrate), 1:1 model
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CBXS5 (immobilized) interacted with NPM1 _high « (substrate), 2:1 model

nm

nm

Index 3

0.2

0.1

0 200 400 600 800 1000 1200
Time (s)

Index 3

0 200 400 600 800 1000 1200
Time (s)

nm

0.1

Index 3

L e e e R
0 200 400 600 300 1000 1200
Time (s)



94

2.5.4 Protein Constructs

(1) wildtype CBX5

Vector: pET-21b

Clone site: 5°: Ndel (CATATG)

Clone site: 3°: Aval (CTCGAG)

Gene ordered: 599 bp ordered from Twist Bioscience

GAGATATA CATATG GGC AAG AAG ACG AAG CGT ACG GCT GAT AGC AGT TCG TCA
GAG GAT GAA GAG GAG TAC GTA GTG GAG AAA GTT TTG GAC CGT CGT GTT GTC
AAG GGC CAG GTA GAG TAC TTATTG AAG TGG AAA GGT TTC AGC GAA GAG CAC
AAT ACT TGG GAG CCA GAAAAAAAC TTG GAC TGC CCC GAG CTG ATC TCA GAA
TTT ATG AAG AAA TAC AAA AAG ATG AAA GAA GGG GAG AAT AAC AAG CCA CGC
GAA AAG TCG GAG AGC AAT AAA CGT AAAAGC AACTTC TCC AAC TCG GCG GAC
GAC ATC AAATCG AAG AAA AAA CGT GAG CAG TCG AAC GAC ATC GCC CGC GGT
TTT GAA CGC GGT TTA GAA CCT GAG AAG ATT ATC GGC GCG ACA GAC AGT TGC
GGT GATTTAATG TTT TTAATG AAATGG AAA GACACT GAT GAG GCAGACTTG GTT
CTG GCT AAA GAG GCT AAT GTC AAA TGC CCG CAG ATC GTC ATC GCA TTC TAT
GAA GAG CGC CTT ACA TGG CAT GCT TAC CCA GAG GAT GCA GAA AAT AAG GAG
AAG GAG ACA GCT AAAAGC CTCGAG CACCACCAC

Translation: (red — positively charged residues; blue — negatively charged residues)

MGKKTKRTADSSSSEDEEEYVVEKVLDRRVVKGQVEYLLKWKGFSEEHNTWEPEKNL

DCPELISEFMKKYKKMKEGENNKPREKSESNKRKSNFSNSADDIKSKKKREQSNDIARG
FERGLEPEKIIGATDSCGDLMFLMKWKDTDEADLVLAKEANVKCPQIVIAFYEERLTWH
AYPEDAENKEKETAKSLE-H6
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(2) wildtype NPM1

Vector: pET-21b

Clone site: 5°: Ndel (CATATG)

Clone site: 3°: Aval (CTCGAG)

Gene ordered: 905 bp ordered from Twist Bioscience

GAGATATA CATATG GAA GAT TCA ATG GAT ATG GAT ATG TCA CCA TTA CGC CCA
CAGAATTAT TTATTC GGG TGC GAATTAAAG GCG GACAAA GACTAT CATTTCAAG
GTT GAC AAT GAT GAG AAT GAA CAT CAA CTG TCT CTT CGC ACC GTT TCC CTG
GGC GCT GGC GCT AAA GAC GAA CTG CACATT GTG GAA GCC GAG GCAATG AAC
TAT GAG GGC TCT CCGATCAAA GTCACC CTT GCCACG TTAAAAATG TCG GTA CAG
CCTACAGTATCC CTT GGT GGC TTT GAAATCACA CCT CCG GTG GTTTTACGC TTG
AAG TGC GGG TCA GGG CCG GTT CAC ATC AGT GGC CAG CAC CTT GTC GCA GTT
GAG GAA GAT GCT GAG AGT GAA GAT GAA GAG GAG GAG GAT GTGAAACTTTTG
AGT ATT AGT GGG AAG CGT TCT GCT CCT GGA GGC GGT TCC AAA GTC CCA CAA
AAG AAA GTG AAG CTT GCT GCT GAT GAG GAT GAT GAT GAC GAC GAC GAA GAA
GAT GAT GAT GAA GAC GAT GAT GAC GAT GAC TTC GAC GAT GAG GAA GCC GAA
GAA AAG GCT CCC GTA AAG AAG TCT ATT CGT GAT ACA CCA GCG AAA AAT GCA
CAA AAG TCA AAC CAA AAC GGA AAG GAT TCC AAA CCT AGC AGT ACC CCA CGT
TCG AAA GGT CAG GAG TCATTT AAG AAA CAA GAAAAAACT CCC AAG ACA CCA
AAA GGA CCC TCT TCG GTC GAA GAT ATT AAG GCA AAA ATG CAG GCG TCG ATT
GAG AAA GGA GGT AGC CTG CCC AAG GTC GAA GCAAAG TTC ATC AAC TAC GTT
AAA AAT TGT TTC CGT ATG ACC GAT CAG GAG GCT ATT CAA GAC CTT TGG CAA
TGG CGT AAAAGC CTCGAG CACCACCAC

Translation: (red — positively charged residues; blue — negatively charged residues)

MEDSMDMDMSPLRPOQNYLFGCELKADKDYHFKVDNDENEHQLSLRTVSLGAGAKDEL
HIVEAEAMNYEGSPIKVTLATLKMSVQPTVSLGGFEITPPVVLRLKCGSGPVHISGQHLV
AVEEDAESEDEEEEDVKLLSISGKRSAPGGGSKVPQKKVKLAADEDDDDDDEEDDDED
DDDDDFDDEEAEEKAPVKKSIRDTPAKNAQKSNQNGKDSKPSSTPRSKGQESFKKQEKT
PKTPKGPSSVEDIKAKMQASIEKGGSLPKVEAKFINY VKNCFRMTDQEAIQDLWQWRKS
LE-H6
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(3) CBXS5 low k

Vector: pET-21b

Clone site: 5°: Ndel (CATATG)

Clone site: 3°: Aval (CTCGAG)

Gene ordered: 599 bp ordered from Twist Bioscience

GAGATATA CATATG ACC AAA CGC GGT CCC GAC CGC GAC GGT CTT GTT GAG AAA
GAG AAC TGG TCAAGC GGG TGG AAG CGT AAT GAA CGT GCT TTG GTC GAA AAG
GGC GAG CTG AAG AAC ACAAAA AGC ATC AAG GAA TAT AAG GAG AAG ATC GAG
CAGAAG TCG TCG CTT AAA CTG GAG ATG AAA GAG TCT GAC AAA GAC GGC GTC
GCT CAT ACT AAG GCA AAT AAA GCC GAA ATG TGT GTG GTG AAG GAC AAG GAA
TTT CTT TAT GAAATT CCT GTA CGT GGG GAAACCATT TACAAATGG ATG CTG GCG
AAA GAA TCT TCC GGC AAA GAA TTG TCG GAA AAA GAT GGT TAT CGT TCT GCG
GACCTGACCAAGGACGTCAATATCTTTTTC TCCATT CCATTG AGC CTT AAG GAT
AAT GAA TTA GAG AAG TTT AAG CAG CAC GAC TCT GAG GCT AGT GTG GAA CGT
TTT AGC GCC GTT ACT GAC CTG TTT AAA GAA AAA AAT GAC TAT GCG GCA GAG
TGG GAA CCA AAC ATG GCA GAG CGT GAA AAA CCC CAG ACA AAA GAAATT GAT
CGT GAG AAC CCG AAC CTCGAG CACCACCAC

Translation: (red — positively charged residues; blue — negatively charged residues)

MTKRGPDRDGLVEKENWSSGWKRNERALVEKGELKNTKSIKEYKEKIEQKSSLKLEMK
ESDKDGVAHTKANKAEMCVVKDKEFLYEIPVRGETIYKWMCAKESSGKELSEKDGYRS
ADCTKDVNIFFSIPLSLKDNELEKFKQHDSEASVERFSAVTDLFKEKNDYAAEWEPNMA
EREKPQTKEIDRENPNLE-H6



97

(4) NPM1 _high «

Vector: pET-21b

Clone site: 5°: Ndel (CATATG)

Clone site: 3°: Aval (CTCGAG)

Gene ordered: 905 bp ordered from Twist Bioscience

GAGATATA CATATG AAA AAA TCC ATG AAG ATG CTG ATG TCT CCG TTG CGC CCA
CAG AAC TAT TTA TTC GGG TGT AAG CTG AAA GCG AAA AAG GAT TAC CAT TTT
AAA GTG AAA AAC AAA AAG AAC GAA CAT CAG CTT TCC TTG CGT ACT GTA TCA
TTA GGG GCC GGT GCG GAG GAT GAG TTA CAC ATC GTA GAA GCG GAG GCA ATG
AAT TAT GAG GGT TCT CCAATC AAA GTTACG CTG GCGACG TTAAAAATG AGT GTA
CAA CCC ACA GTT AGT CTT GGA GGC TTT GAG ATC ACG CCT CCG GTG GTT CTIT
CGC CTG AAG TTG GGT TCG GGT CCC GTT CAT ATC TCT GGT CAG CAC TTG GTG
GCG GTC GAA GAA GAC GCT GAG TCT GAG GAT GAA GAG GAA GAG GAC GTG GAC
TTA CTG AGT ATT TCG GGA AAG CGT TCG GCA CCC GGT GGA GGC AGC AAG GTG
CCG CAA GAG GAC GTT GAT GAT GCT GCT GAC GAA GAC GAT GAT GAC GAC GAC
GAA GAA GAC GAC GAC GAG GAC GAC GAC GAT GAC GAT TTC GAT GAT GAG GAG
GCT GAA GAA AAA GCG CCC GTT GAG GAA TCC ATT CGT GAT ACC CCG GCT GAC
AAC GCA CAA GAT AGC AAT CAA AAT GGA AAA GAT AGT GAG CCT TCT TCC ACC
CCA CGT AGC GAG GGC CAA GAATCG TTC GAC GAA CAA GAG AAG ACA CCA GAT
ACC CCA AAA GGA CCC TCG TCA GTG AAA AAG ATT AAA GCC AAA ATG CAA GCT
TCT ATT AAG AAG GGG GGC TCA CTG CCT AAG GTC AAA GCG AAA TTT ATC AAT
TAT GTG AAG AAT TTG TTT CGT ATG ACT AAG CAG AAA GCG ATT CAA GAC TTG
TGG CAATGG CGC AAA AGC CTCGAG CACCACCAC

Translation: (red — positively charged residues; blue — negatively charged residues)

MKKSMKMLMSPLRPOQNYLFGCKLKAKKDYHFKVKNKKNEHQLSLRTVSLGAGAEDEL
HIVEAEAMNYEGSPIKVTLATLKMSVQPTVSLGGFEITPPVVLRLKLGSGPVHISGQHLVA
VEEDAESEDEEEEDVDLLSISGKRSAPGGGSKVPQEDVDDAADEDDDDDDEEDDDEDD
DDDDFDDEEAEEKAPVEESIRDTPADNAQDSNQNGKDSEPSSTPRSEGQESFDEQEKTPD
TPKGPSSVKKIKAKMQASIKKGGSLPKVKAKFINY VKNLFRMTKQKAIQDLWQWRKSL
E-H6
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(5) mCherry-MED1 IDR

pET-28a-mCherry-MED1-IDR was a gift from Denes Hnisz (Addgene plasmid # 194545 ;

http://n2t.net/addgene: 194545 ; RRID:Addgene 194545).

Protein sequence: He-TEV-mCherry-MED1 IDR

MHHHHHHGIEENLYFQSGSGVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEG
RPYEGTQTAKLKVTKGGPLPFAWDILSPQFMYGSKAYVKHPADIPDY LKLSFPEGFKWE
RVMNFEDGGVVTVTQDSSLQDGEFIYKVKLRGTNFPSDGPVMQKKTMGWEASSERMY
PEDGALKGEIKQRLKLKDGGHYDAEVKTTYKAKKPVQLPGAYNVNIKLDITSHNEDYTI
VEQYERAEGRHSTGGMDELYKGAPGSAGSAAGGSGEHHSGSQGPLLTTGDLGKEKTQK
RVKEGNGTSNSTLSGPGLDSKPGKRSRTPSNDGKSKDKPPKRKKADTEGKSPSHSSSNRP
FTPPTSTGGSKSPGSAGRSQTPPGVATPPIPKITIQIPKGTVMVGKPSSHSQYTSSGSVSSSG
SKSHHSHSSSSSSSASTSGKMKSSKSEGSSSSKLSSSMY SSQGSSGSSQSKNSSQSGGKPG
SSPITKHGLSSGSSSTKMKPQGKPSSLMNPSLSKPNISPSHSRPPGGSDKLASPMKPVPGT
PPSSKAKSPISSGSGGSHMSGTSSSSGMKSSSGLGSSGSLSQKTPPSSNSCTASSSSFSSSGS
SMSSSQNQHGSSKGKSPSRNKKPSLTAVIDKLKHGVVTSGPGGEDPLDGQMGVSTNSSS
HPMSSKHNMSGGEFQGKREKSDKDKSKVSTSGSSVDSSKKTSESKNVGSTGVAKIIISKH
DGGSPSIKAKVTLQKPGESSGEGLRPQMASSKNYGSPLISGSTPKHERGSPSHSKSPAYTP
QNLDSESESGSSIAEKSYQNSPSSDDGIRPLPEY STEKHKKHKKEKKKVKDKDRDRDRD
KDRDKKKSHSIKPESWSKSPISSDQSLSMTSNTILSADRPSRLSPDFMIGEEDDDL

(6) mMEGFP-HMGBI1

pET-45b-mEGFP-HMGB1-WT was a gift from Denes Hnisz (Addgene plasmid # 194543 ;

http://n2t.net/addgene: 194543 ; RRID:Addgene 194543).

Protein sequence: He-TEV-mEGFP-HMGBI1

MHHHHHHGIEENLYFQSGSGVSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATN
GKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGY VQERTIS
FKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQK
NGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSKLSKDPNEKRDH
MVLLEFVTAAGITLGMDELY TAMGKGDPKKPRGKMSSYAFFVQTCREEHKKKHPDASV
NFSEFSKKCSERWKTMSAKEKGKFEDMAKADKARYEREMKTYIPPKGETKKKFKDPNA
PKRPPSAFFLFCSEYRPKIKGEHPGLSIGDVAKKLGEMWNNTAADDKQPYEKKAAKLKE
KYEKDIAAYRAKGKPDAAKKGVVKAEKSKKKKEEEEDEEDEEDEEEEEDEEDEDEEED
DDDE
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(7) MBP-FUS-C

Vector: pMal-C5x

Protein sequence: MBP-TEV-FUS(372-526)-Hs

With MBP Tag:

ATGAAAATCGAAGAAGGTAAACTGGTAATCTGGATTAACGGCGATAAAGGCTATAAC
GGTCTCGCTGAAGTCGGTAAGAAATTCGAGAAAGATACCGGAATTAAAGTCACCGTT
GAGCATCCGGATAAACTGGAAGAGAAATTCCCACAGGTTGCGGCAACTGGCGATGGC
CCTGACATTATCTTCTGGGCACACGACCGCTTTGGTGGCTACGCTCAATCTGGCCTGT
TGGCTGAAATCACCCCGGACAAAGCGTTCCAGGACAAGCTGTATCCGTTTACCTGGG
ATGCCGTACGTTACAACGGCAAGCTGATTGCTTACCCGATCGCTGTTGAAGCGTTATC
GCTGATTTATAACAAAGATCTGCTGCCGAACCCGCCAAAAACCTGGGAAGAGATCCC
GGCGCTGGATAAAGAACTGAAAGCGAAAGGTAAGAGCGCGCTGATGTTCAACCTGC
AAGAACCGTACTTCACCTGGCCGCTGATTGCTGCTGACGGGGGTTATGCGTTCAAGTA
TGAAAACGGCAAGTACGACATTAAAGACGTGGGCGTGGATAACGCTGGCGCGAAAG
CGGGTCTGACCTTCCTGGTTGACCTGATTAAAAACAAACACATGAATGCAGACACCG
ATTACTCCATCGCAGAAGCTGCCTTTAATAAAGGCGAAACAGCGATGACCATCAACG
GCCCGTGGGCATGGTCCAACATCGACACCAGCAAAGTGAATTATGGTGTAACGGTAC
TGCCGACCTTCAAGGGTCAACCATCCAAACCGTTCGTTGGCGTGCTGAGCGCAGGTA
TTAACGCCGCCAGTCCGAACAAAGAGCTGGCAAAAGAGTTCCTCGAAAACTATCTGC
TGACTGATGAAGGTCTGGAAGCGGTTAATAAAGACAAACCGCTGGGTGCCGTAGCGC
TGAAGTCTTACGAGGAAGAGTTGGTGAAAGATCCGCGTATTGCCGCCACTATGGAAA
ACGCCCAGAAAGGTGAAATCATGCCGAACATCCCGCAGATGTCCGCTTTCTGGTATGC
CGTGCGTACTGCGGTGATCAACGCCGCCAGCGGTCGTCAGACTGTCGATGAAGCCCT
GAAAGACGCGCAGACTAATTCGAGCTCGAACAACAACAACAATAACAATAACAACA
ACCTCGGGGAAAACTTATACTTTCAGGGGCGCGCGGACTTTAACCGCGGGGGCGGAA
ATGGCCGTGGGGGTCGTGGCCGTGGGGGTCCTATGGGCCGCGGAGGCTATGGCGGAG
GTGGTTCGGGTGGAGGCGGTCGCGGGGGCTTTCCTTCGGGAGGGGGCGGCGGTGGG
GGACAGCAGCGCGCAGGCGATTGGAAATGTCCGAATCCGACCTGCGAGAATATGAAT
TTTAGTTGGCGCAATGAATGCAATCAGTGTAAAGCCCCGAAACCGGATGGTCCAGGC
GGGGGTCCAGGTGGGAGCCACATGGGGGGAAATTATGGAGATGATCGCCGCGGCGGT
CGTGGGGGTTATGATCGTGGTGGTTATCGTGGGCGTGGGGGAGATCGTGGGGGATTTC
GTGGCGGGCGCGGTGGGGGTGATCGTGGCGGTTTTGGGCCTGGGAAAATGGATTCGC
GTGGCGAGCACCGCCAAGATCGCCGCGAGCGCCCGTATCATCATCACCATCATCATTA
AGAATTC
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Translation:

MKIEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDGPD
ITFWAHDRFGGYAQSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVEALSLIYNK
DLLPNPPKTWEEIPALDKELKAKGKSALMFNLQEPYFTWPLIAADGGYAFKYENGKYDI
KDVGVDNAGAKAGLTFLVDLIKNKHMNADTDYSIAEAAFNKGETAMTINGPWAWSNID
TSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNKELAKEFLENYLLTDEGLEAVNK
DKPLGAVALKSYEEELVKDPRIAATMENAQKGEIMPNIPQMSAFWYAVRTAVINAASGRQ
TVDEALKDAQTNSSSNNNNNNNNNNLGENLYFQGRADFNRGGGNGRGGRGRGGPMG
RGGYGGGGSGGGGRGGFPSGGGGGGGQQRAGDWKCPNPTCENMNFSWRNECNQCKA
PKPDGPGGGPGGSHMGGNYGDDRRGGRGGYDRGGYRGRGGDRGGFRGGRGGGDRG

GFGPGKMDSRGEHRQDRRERPYHHHHHH
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Chapter 3

A New Two-component Phase Separation System that Features Coiled-coil Heterodimer

Formation

Experiments were designed by Ruiwen Xu and Samuel H. Gellman.
Experiments were performed by Ruiwen Xu and Jiawen Huang.

Graphics were prepared using Microsoft PowerPoint, GraphPad Prism, ImageJ.
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3.1 Abstract

Liquid-liquid phase separation (LLPS) enables cells to compartmentalize biochemical
reactions without membranes. Engineering synthetic condensates offers new opportunities for
organizing molecules and biochemical reactions spatially and temporally. Here, we designed a
synthetic system that combines orthogonal coiled-coil (CC) peptide with phase-separating peptide
to construct programmable condensates. We designed fusion constructs in which CC peptides act
as specific dimerization tags, while Arg-rich and Glu-rich peptides drive phase separation through
multivalent electrostatic interactions. We found that coiled-coil interactions were necessary to
initiate phase separation under the tested conditions, and that backbone flexibility in phase-
separating domains can influence the phase separation behavior. Constructs with flexible motifs
formed condensates more readily and at lower concentrations compared to those with rigid motifs.
This system enables the creation of coexisting and potentially interacting condensate
compartments. In future applications, the introduction of bifunctional CC peptides could allow
fusion of distinct condensates, enabling spatial-temporal control over synthetic biochemical

reactions.

3.2 Introduction

A fundamental problem in cell biology is how the densely packed cellular space is
organized to allow control over complex biochemical reactions in space and time. One way to
achieve spatiotemporal control is to regulate the localization of reaction components.! While
membrane-bound organelles, such as nucleus? or mitochondria,® provide membrane boundaries, '
many crucial intracellular processes, such as RNA splicing, transcription and stress response,’ are

governed by membraneless organelles.> Previous studies have revealed that phase separation
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gives rise to membrane-less organelles within cells.!®!2 Under certain conditions, macromolecules,
such as proteins and RNAs, within cells can be triggered to organize and condense into these liquid
droplets that lack a surrounding membrane.>!2

Over the past decade, LLPS has gained interest in synthetic biology as a strategy to create
programmable compartments for organizing and regulating biochemical reactions in vitro.>%!3
One exciting area is the creation of multiphase condensates that contain multiple, coexisting liquid
phases with distinct compositions and properties.!*!* Such multiphasic organization is observed
in both natural and synthetic systems, as layered or spatially discrete condensates with unique
compositions and material properties. A well-known natural example is the nucleolus, a
membrane-less organelle found in the cell nucleus, which contains concentric layers enriched with
different proteins and RNA molecules. These layers are thought to help organize ribosome
assembly by separating steps of the process into different regions.?*22 In synthetic systems, similar
multiphase behavior can also be engineered. Banerjee et al. reported a three-component system
involving a prion-like polypeptide (PLP), an Arg-rich polypeptide (RRP), and RNA. In this system,
both PLP and RNA can bind to RRP, but they compete for this shared partner RRP. This
competitive interaction drives the system to separate into two distinct coexisting condensates: one
that is rich in PLP (homotypic PLP droplets) and another that contains both RRP and RNA
(heterotypic RRP-RNA droplets).?

Despite these advances, engineering synthetic multiphase condensates still remains
challenging due to the lack of structure of many phase-separating sequences’-'2?* and the difficulty
of independently tuning the assembly, stability, and identity of each phase. Here, we propose a

strategy to separate phase separation ability from molecular interaction specificity by using bio-

orthogonal coiled-coil (CC) peptides. Coiled-coils are well-characterized protein motifs that form
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stable heterodimers based on specific electrostatic and hydrophobic interactions.?>~2® Importantly,
orthogonal CC pairs can be engineered to avoid cross-association, allowing multiple specific
interactions to occur independently in the same system.?*32 The ability to define interaction
partners makes CC peptides ideal tools for assembling programmable interactions in complex
mixtures.

In this work, we developed a modular system that uses a combination of phase-separating
peptides and orthogonal CC peptides to build synthetic condensates (Figure 3.1.A). Each
compartment contains a phase-separating domain responsible for droplet formation, fused to a CC
domain that acts as a selective assembly module. This design allows us to separate the roles of
phase separation and molecular specificity, while still allowing them to work together

cooperatively.

A B
-— Coiled-coil peptide _ Clear Solution

Phase separating peptides

Figure 3.1. A. Peptide construct design: a coiled-coil peptide fused with a phase-separating peptide.
B. Schematic graph showing that the phase-separating peptides, without the CC peptides, were not
sufficient to drive phase separation formation; however, the dimerization of CC pairs can
effectively bring the phase-separating peptides into proximity to promote phase separation.

We focused on Arg-rich and Glu-rich peptides, which interact through charge-charge
interactions.**® To explore how different structural features affect condensate formation, we
designed the Arg-rich peptides with different motif regions in the sequence. In particular, we

compared flexible motifs (GGSSGG) to rigid motifs (APAPAP).*>* To overcome peptide length

limitations during synthesis, we developed a conjugation strategy using iodoacetyl- and cysteine-
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tagged fragments that form covalent bonds through an SN2 reaction.*’ Our results show that CC-
driven dimerization is sufficient to trigger phase separation even when the unfused phase-
separating peptides do not form condensates on their own. Moreover, the linker flexibility plays
an important role in the phase separation behavior.

Overall, this work shows that orthogonal coiled-coil peptides can be used as a tool to
control phase separation and build synthetic condensates. This system gives us a new way to design
programmable, self-assembling materials that can be used to organize reactions and build complex

biochemical systems in vitro.

3.3 Results and Discussion
3.3.1 Design of Modular Coiled-Coil-Phase Separation Constructs

To investigate the feasibility of constructing protein condensates using orthogonal
interaction modules, we designed a modular protein architecture in which phase-separating
peptides were linked to CC peptides (Figure 3.1.A). The idea was to keep the two main functions,
phase separation and molecular recognition, separate but cooperative. Phase separation was driven
by phase-separating peptides, while coiled-coil pairs served as molecular tags to guide selective
interactions between specific partners.

The phase separating peptides used in this study were selected to represent different
internal environments in condensates caused by different intermolecular interactions. We were
particularly interested in testing whether the chirality of amino acids and peptide backbone
flexibility would change the internal environments of condensates. To do this, we designed a set
of Arg-rich peptides (Table 3.1). These peptides contain four pairs of Ser-Arg repeats with three

sets of two types of motifs in between: flexible motifs (GGSSGG, pep 1) and rigid motifs (APAPAP,
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pep 2).%° This design allows us to assess how backbone flexibility affects the phase separation
behavior and internal environment of the resulting condensates. The second set of peptides was
designed to be Glu-rich with net negative charge (pep 3), similar to pep 1(Tyr) from Chapter 1.

This peptide would be prone to interact with the Arg-rich peptides through charge complementarity.

Table 3.1. Sequence of peptides designed to promote phase separation and coiled-coil peptides.

Peptide | Sequence: Note
R t with flexibl
1 SRGGSSGGSRGGSSGGSRGGSSGGSRYGGC 5 ljepea W exible
motifs
R t with rigi
2 SRAPAPAPSRAPAPAPSRAPAPAPSRYGGC 5 r.epea with rigid
motifs
lu-rich with net
3 GGGYEEEYGGGYGGGYEEEYGGGYGGGYC Glu-rich with ne
negative charge
P1 GGSPEDEIQALEEENAQLEQENAALEEEIAQLEYG CC pair with P2
P2 GGSPEDKIAQLKEKNAALKEKNOOLKEKIQFALKYG CC pair with P1

The aforementioned peptides were fused to the heterodimeric CC peptides (P1, P2) selected
from work of Lebar et al., which assemble with high specificity and minimal cross-reactivity.*® P1
and P2 can form stable dimers with each other, making them ideal building blocks for creating
programmable interaction networks in complex environment. Each CC peptide consists of
approximately 35 amino acids, while the phase-separating domains are about 30 amino acids in
length. With the microwave-assisted method, it is hard to synthesize peptides longer than 60
residues. To address this problem, we used a two-part synthetic strategy. The CC peptide was
modified with iodoacetic acid at the N-terminus, and the phase separating peptide was attached

with cysteine at the C-terminus. After individual purification, the two peptides were combined
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under mildly basic conditions. The thiol group on cysteine selectively attacks the iodoacetyl group,
forming a stable covalent linkage between two peptide fragments (Figure 3.2).*° With this strategy,

we synthesized the full-length peptides with high purity and yield (Table 3.2).

(o)
HS 20v/iv% ACN 1 s
pep 1 j\/l * H,N jYH Qvivt PeP \HJK/ H
N e 'PeP2  in 10X PBS pH 8.0 HN e Nopep 2
0 o gl

Figure 3.2. Synthesis of the two-part fused CC peptide and phase-separating peptide.

Table 3.2. Sequence of peptides designed to promote phase separation and coiled-coil peptides (“*-
“ for covalent bond between iodoacetyl and thiol groups).

Peptide | Sequence: Note

SRGGSSGGSRGGSSGGSRGGSSGGSRYGGC-

A GGSPEDEIQALEEENAQLEQENAALEEEIAQLEYG

P1 fused to pep 1

SRAPAPAPSRAPAPAPSRAPAPAPSRYGGC-
B P1 fused to pep 2
GGSPEDKIAQLKEKNAALKEKNQOLKEKIQFALKYG

GGGYEEEYGGGYGGGYEEEYGGGYGGGYC-

¢ GGSPEDKIAQLKEKNAALKEKNQQLKEKIQFALKYG P2 fused to pep 3

3.3.2 Initial Assessment of this system

We evaluated whether orthogonal CC interactions could promote multivalent interactions
in order to drive phase separation. We first tested the phase separation behavior of unfused phase-
separating peptides. When 50 uM pep 1 (Arg-rich with flexible motif) was mixed with 50 uM pep
3 (Glu-rich with net negative charge), no phase separation was observed (Figure 3.3.A). The same
outcome was observed with a pep 2 (Arg-rich with rigid motif) and pep 3 mixture (Figure 3.3.C).
These results indicated that without the CC peptides, peptides 1-3 alone were not sufficient to drive

phase separation formation under the given conditions. In contrast, when introduced the
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appropriate fusion peptides A-C were combined, phase separation was observed under microscope.
When 50 uM pep A was mixed with 50 uM pep C, we observed formation of phase-separated
coacervates via brightfield microscopy (Figure 3.3.B). Similarly, the combination of pep B with
pep C led to visible condensate formation (Figure 3.3.D). This tells us that the dimerization of CC
pairs can effectively bring the phase-separating peptides into proximity to promote phase

separation.

A.B.C.D

Figure 3.3. Effects of CC fusion on phase separation. A. 50 uM pep 1 with 50 uM pep 3. B. 50
UM pep A with 50 uM pep C. C. 50 uM pep 2 with 50 uM pep3. D. 50 uM pep B with 50 uM pep
C. Buffer condition: 50mM Tris pH 7.5, scale bar 10 um.

' ]

Figure 3.4. Comparison of phase separation behavior based on backbone flexibility. Equimolar
pep A mixed with pep C at varying concentrations: A. 50 uM, B. 25 uM, C. 12.5 uM, D. 6.25 uM.
Equimolar pep B mixed with pep C at varying concentrations: E. 50 uM, F. 25 uM, G. 12.5 uM,
H. 6.25 uM. Buffer condition: 50mM Tris pH 7.5, scale bar 10 um.
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We next investigated whether the conformational flexibility of the motif in the phase-
separating peptide could influence the onset and extent of LLPS. To probe this, we compared two
versions of the Arg-rich fusion constructs: one with a flexible motif (GGSSGG, in pep A) and
another with a rigid, proline-rich motif (APAPAP, in pep B). Both constructs were mixed with pep
C at equimolar concentrations across a range of concentrations (50 uM, 25 uM, 12.5 uM, 6.25
uM). As shown in Figure 3.4 A-D, the pep A/pep C mixture with the flexible motif exhibited more
robust phase separation, especially at 25 uM, and 12.5 uM. Condensates formed readily at 6.25
uM, and at 50 uM, extensive condensate formation was observed. In contrast, the pep B/pep C
mixture with the rigid motif displayed significantly less condensate formation (Figure 3.4. E-H),
particularly at lower concentrations. These results support the hypothesis that motif flexibility
affects the phase separation onset and extent. Based on the preliminary results, we hypothesized
that a flexible backbone may facilitate the alignment of interacting motifs within condensates,
while rigid motifs may restrict this mobility. This leads to the differences between coacervate

formation despite the presence of the same interaction motifs (Ser-Arg).

3.4 Conclusion and Future Directions

In this work, we developed a modular design strategy to build synthetic coacervate systems
using orthogonal coiled-coil (CC) peptide interactions fused to low-complexity, phase-separating

domains. The dimerization of CC pairs can effectively bring the phase-separating peptides into

25,28-30,32

proximity to promote phase separation, while the sequence composition and backbone

flexibility of the phase-separating peptides can facilitate the formation of condensates.”*!

Our findings demonstrate that coiled-coil dimerization can effectively enhance multivalent

interactions to bring the phase-separating peptides into proximity. Importantly, we observed that
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peptide backbone flexibility strongly affects the extent and robustness of LLPS. Constructs with
flexible motifs (GGSSGG) exhibited more extensive condensate formation across a certain
concentration range than those with rigid proline-rich motifs (APAPAP), suggesting that increased
conformational freedom facilitates nucleation and internal packing within condensates.

This modular coiled-coil system allowed us to study how specific molecular features, such
as the flexibility or rigidity of linker sequences, and the types of charged or aromatic residues, can
influence how peptides come together to form phase-separated condensates. By keeping the
recognition (via coiled-coil pairing) and phase separation (via phase-separating peptides) functions
separate but connected, we were able to promote the multivalent interactions and decrease the

energy barrier to form phase-separated condensates.

P1/P2 P3 /P4
o é % X;f

P1/P2/P3 /P4
?

i ) (N7 g
g ) (N

P1/P2/P3/P4 +P1-P3 T Cs)
' ? § g%“{
g1y — 2N

Figure 3.5. Scheme for phase-separating peptides fused with orthogonal CC peptides to form
distinct coexisting condensates. Addition of fused bifunctional CC peptides may lead to the fusion
of distinct condensates.
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In future, we plan to expand this system to create multiple, coexisting condensate
compartments. These compartments could be used to spatially and temporally organize
biochemical reactions in vitro, similar to how organelles work in living cells. We will first finish
testing how chirality (L-peptide vs. D-peptide) would affect the phase separation behavior using
pep 4 and 5, and CC pair P3 and P4. Following that, we will explore whether chirality, or backbone
flexibility affect the ability of condensates to recruit different molecules. If differences in
recruitment are observed, we could use this property to selectively incorporate enzymes, catalytic
scaffolds, or small molecules into distinct condensates. By introducing a fused CC peptide that
links two orthogonal pairs (such as P1-P3), we could induce the fusion of two previously separated
condensates. This controlled fusion could allow certain reactions to be activated only at specific
times and locations. This would allow us to build synthetic systems that organize biochemical
reactions in a controlled and programmable way. In the long term, this approach could help us
create synthetic organelles, artificial cells, or new tools for managing complex reactions in labs or

biotechnological applications.

3.5 Experimental Methods

3.5.1 Material Source

Fmoc-protected amino acids, ethyl (hydroxyimino) cyanoacetate (Oxyma), N,N’-

diisopropylcarbodiimide (DIC),and hexafluorophosphate azabenzotriazole tetramethyl uronium

(HATU) were purchased from Chem-Impex international. Fluorescein isothiocyanate was
purchased from Thermo Scientific. Diisopropylethylamine (DIEA), N,N-dimethylformamide
(DMF), dichloromethane (DCM), piperidine, trifluoroacetic acid (TFA), triisopropylsilane (TIPS),

thioanisole, acetonitrile, sodium chloride (NaCl), Tris base, and Dulbecco’s PBS were purchased
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from Millipore Sigma. SPPS reaction vessel syringes and caps were purchased from Torviq. Rink

Amide Resin (Low Loading) was purchased from CEM.

3.5.2 Peptide synthesis, purification, and characterization

All peptides were prepared via CEM MARS6 microwave-assisted solid phase peptide
synthesis. 50 umole Rink Amide ProTide resin (LL) was added to a Torviq solid-phase peptide
synthesis vessel with a stir bar. Resin was swelled in 1:1 v/v DMF:DCM for 10 minutes before the
synthesis. Fmoc amino acids (4 eq., 0.1 M) were activated with ethyl cyano(hydroxyimino)acetate
(Oxyma, 8 eq.) and N,N’-diisopropylcarbodiimide (DIC, 4 eq.), and this solution was added to the
reaction vessel. Regular coupling cycles were done at 70°C for 4 minutes. Then the resin was
washed 5 times with DMF. The Fmoc protecting group was removed by reacting with 20% v/v
piperidine in DMF at 80°C for 2 minutes. For peptides bearing an iodoacetic acid, iodoacetic acid
was added to the N-terminus right below peptide cleavage.

After all residues had been added, the resin was mixed with the cleavage cocktail (8§ mL
per 50 umole), which is 94 % (v/v) TFA, 2.5 % (v/v) H20, 2.5 % (v/v) thioanisole, and 1% (v/v)
TIPS, at room temperature for 3 hours. The solution containing the crude cleaved peptide was
drained from the reaction vessel into a 50-mL falcon tube. Excess TFA was removed under a stream
of nitrogen, and about 35 mL of cold diethyl ether was added to precipitate the crude peptide. The
crude peptide pellet was isolated by filtration, washed with cold diethyl ether twice, and then dried

under nitrogen.

The crude product was dissolved in 600 pL 1:1 HO:acetonitrile and filtered through a 0.22
um Nylon filter and purified on an Agilent preparative HPLC system with a C18 CSH Prep column

(5 um, 19x250 mm, solvent A = H,O + 0.1 % TFA, solvent B = acetonitrile + 0.1 % TFA, flow
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rate = 13 mL/min). Peptide masses were determined using MALDI-TOF-MS. HPLC fractions
containing pure peptide were combined, and this solution was lyophilized (freeze-dried) for long-

term storage.

3.5.3 Synthesis of fused CC and phase-separating peptide

After purification, the lyophilized powders for phase-separating peptide (with a C-terminal
cysteine) and the coiled-coil peptide (with an N-terminal iodoacetyl group) were weighed. A 1:1
molar ratio of phase-separating peptide and the coiled-coil peptide was dissolved in 10X PBS
buffer with 20% ACN to enhance solubility. To promote the thiol-alkylation reaction, the pH of
the solution was carefully adjusted to mildly basic conditions (pH ~8.0) using 1 M sodium
hydroxide (NaOH). The reaction mixture was incubated at room temperature overnight. The
mixture was then filtered through a 0.22 um Nylon filter and purified on an Agilent preparative
HPLC system with a C18 CSH Prep column (5 um, 19x250 mm, solvent A = H>O + 0.1 % TFA,

solvent B = acetonitrile + 0.1 % TFA, flow rate = 13 mL/min).
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3.6 MALDI-TOF-MS Spectra and UPLC Data for Synthetic Peptides

lodo-P1: Iodoacetyl-GGSPEDEIQALEEENAQLEQENAALEEEIAQLEYG-CONH,

MALDI-TOF-MS: calculated monoisotopic [M+Na]" = 4034.65

observed monoisotopic [M+Na]" = 4033.926

UPLC: HoO/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130 A 1.7 um, 2.1 x 150 mm) column. Wavelength at 220nm.

Purity > 99.0 %
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lodo-P2: I0do-GGSPEDKIAQLKEKNAALKEKNQQLKEKIQFALKYG-CONH,

MALDI-TOF-MS: calculated monoisotopic [M+Na]" = 4085.07

observed monoisotopic [M+Na]* = 4086.041

UPLC: HoO/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier

CSH C18 (130 A 1.7 um, 2.1 x 150 mm) column. Wavelength at 220nm.
Purity = 97.38 %
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SRGSC: H,N-SRGGSSGGSRGGSSGGSRGGSSGGSRYGGC-CONH,

MALDI-TOF-MS: calculated monoisotopic [M+H]" =2576.113

observed monoisotopic [M+H]" = 2576.263

UPLC: HoO/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130 A 1.7 um, 2.1 x 150 mm) column. Wavelength at 220nm.

Purity > 99.0 %
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SRAPC: H,N-SRAPAPAPSRAPAPAPSRAPAPAPSRYGGC-CONH,

MALDI-TOF-MS: calculated monoisotopic [M+H]" = 2882.473

observed monoisotopic [M+H]" = 2882.032

UPLC: HoO/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130 A 1.7 um, 2.1 x 150 mm) column. Wavelength at 220nm.

Purity > 99.0 %
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EEEYC: H,N-GGGYEEEYGGGYGGGYEEEYGGGYGGGYC-CONH,

MALDI-TOF-MS: calculated monoisotopic [M+NH4]" = 2909.046

observed monoisotopic [M+NH4]" = 2909.959

UPLC: HoO/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130 A 1.7 um, 2.1 x 150 mm) column. Wavelength at 220nm.

Purity > 99.0 %
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P1-SRGSC: H,N-SRGGSSGGSRGGSSGGSRGGSSGGSRYGGC-
GGSPEDEIQALEEENAQLEQENAALEEEIAQLEYG-CONH, (“-“ for covalent bond
between iodoacetyl and thiol groups)

ESI-MS: calculated monoisotopic [M+2K+2H]" = 6562.863

observed monoisotopic [M+2K+2H]" = 6562.830

UPLC: H,O/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130A 1.7 um, 2.1 x 150mm) column. Wavelength at 220nm.

Purity > 99.0 %
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P1-SRGSC:

GGSPEDKIAQLKEKNAALKEKNOOLKEKIQFALKYG-CONH, (“-*"

between iodoacetyl and thiol groups)

ESI-MS: calculated monoisotopic [M+4N+2H]" = 6883.223

observed monoisotopic [M+4Na+2H]" = 6883.200

130

H,N-SRAPAPAPSRAPAPAPSRAPAPAPSRYGGC-

for covalent bond

UPLC: H,O/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130A 1.7 um, 2.1 x 150mm) column. Wavelength at 220nm.

Purity > 99.0 %
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Chapter 4

Comparative Analysis of Peptide Structure Prediction Using pepFOLD4, ESMFold, and

AlphaFold3: Limitations in Predicting Reverse-Ordered Sequences

Experiments were designed by Ruiwen Xu and Samuel H. Gellman.
Experiments were performed by Ruiwen Xu and Jiawen Huang.

Graphics were prepared using Microsoft PowerPoint, GraphPad Prism, and Pymol.
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4.1 Abstract

Advancements in computational protein structure prediction, particularly tools like
pepFOLD4, ESMFold, and AlphaFold3, have significantly enhanced our ability to model peptide
and protein structures. However, the reliability of these tools for accommodating sequence
perturbations remains underexplored. In this study, we assessed the structural predictions of
several miniproteins and their reverse-ordered variants using pepFOLD4, ESMFold, and
AlphaFold3. While the forward sequence predictions closely matched the experimental crystal
structure, all three tools failed to accurately model the reversed sequence. The reverse sequence
predictions consistently favored a-helical conformations, conflicting with experimental data from
circular dichroism (CD) spectroscopy, which indicated a lack of structured secondary elements.
These findings suggest a systematic bias in current prediction algorithms towards over-stabilized
secondary structures when dealing with atypical sequences and highlight the importance of

integrating experimental validation in predictive workflows.

4.2 Introduction

The prediction of protein structure from its amino acid sequence has long been a central
challenge in structural biology. Recent breakthroughs in protein structure prediction have
dramatically changed the landscape of structural biology. Deep learning-based tools such as
AlphaFold3!?, ESMFold?, were trained on the vast datasets of experimentally determined protein
structures. On contrary, fragment-based methods like pepFOLD4*® predicts the structure from

scratch based on the sequence information, without direct use of PDB structures’. These tools have
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not only accelerated the study of protein function and interaction but also opened new possibilities

in synthetic biology, drug design, and peptide engineering.’

However, despite their success on naturally occurring sequences, there remain significant
limitations in the generalization of these tools, especially non-natural or synthetically altered
amino acid sequences.””'? Most predictive algorithms are trained or optimized using datasets
composed of naturally occurring proteins and domains that conform to canonical folding principles.
Whether these algorithms can accurately predict structures of synthetic peptides—especially when
their sequences are modified, reversed, or deviate from natural evolutionary constraints—has not

been comprehensively tested.

Childs et al., performed a systematic investigation on AlphaFold3’s performance on D-
peptides. While the model can technically accept D-chirality as input, it failed to preserve the
correct stereochemistry in over 50% of cases.!® Furthermore, AlphaFold3 frequently predicted
incorrect folds and protein-peptide interaction modes, despite assigning high internal confidence
scores to these biologically implausible models. This unreliability severely limits its utility for
modeling D-peptides, which are increasingly used in drug development for their protease

14-16 Tn a related study, Silva et al., performed a large-scale analysis

resistance and bioavailability.
on lasso peptides, a class of peptides characterized by a threaded structure resembling a slipknot
using AlphaFold2.!7 It showed that the model frequently generated topologically implausible
motifs, such as highly pierced lassos, with low conservation across families, which suggests many
predicted structures are artifacts rather than biologically relevant structures.'® Similarly, Hou et al.,
systematically evaluated AlphaFold-Multimer’s performance in predicting protein-protein

complex structures, and discovered approximately 1.72% predicted structures contain topological

links, such as interchain links that form knots or entanglements, which should generally not exist
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in native protein complex structures.!” Together, these studies demonstrate that the advanced
prediction tools can overpredict structure and struggle when dealing with exotic folds,

stereochemical inversions, or sequences outside the training distribution.

In addition to the previously discussed limitations, our study investigates a related yet
distinct challenge—sequence reversal.??! Sequence reversal is a unique synthetic perturbation in
which the amino acid composition remains unchanged, but the residue order is inverted from N-
to C-terminus. This manipulation disrupts the directional context of side-chain interactions,
backbone hydrogen bonding, and folding nucleation sites. Several previous studies have
demonstrated that sequence reversal often leads to misfolding or structural disorder, even when
the native sequence adopts a stable fold. Lacroix et al. provided experimental evidence that the
reversed sequences of the SH3 domain (B-sheet for forward sequence), as well as the B domain of
Staphylococcal protein A (o-helix bundle for forward sequence) and the Bl domain of
Streptococcal protein G (a mixed o/f fold), all resulted in unfolded proteins.?? In contrast, Zhang
et al. reported that proteins with more flexible hydrophobic cores—such as a-helix bundle and
Protein G—can adopt native-like folds in their reversed forms, suggesting that foldability may
depend on the internal packing plasticity.?> However, they also noted that smaller proteins, which
require precise core packing and residue orientation, often lose their structure upon reversal,
though in some cases, foldability could be partially recovered through targeted modifications, such

as inserting residues in B-hairpin turns.

To investigate this question, we evaluated three widely used prediction tools—pepFOLD4,
ESMFold, and AlphaFold3—across a representative set of peptides with experimentally known
structures. We selected three experimentally characterized peptides, each belonging to a distinct

structural class: (1) a peptide forming an a-helix-rich tertiary fold, Villin headpiece subdomain
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(VHP)**%> (2) an a-helical bundle, GA module?® and (3) a peptide that adopts a B-sheet
conformation, human Pinl WW domain (“WW” below)?’?®. We synthesized reverse-ordered
versions of each peptide (i.e., the amino acid sequence was flipped from N- to C-terminus):
VHP rev, GA rev, and WW _rev. While this manipulation preserves amino acid composition, it
disrupts the sequence directionality and residue-residue context that governs folding. CD
spectroscopy was used to experimentally assess the secondary structure of both the native and

reversed sequences.?**°

We found that all three tools accurately predicted the tertiary structure of native (forward)
sequences as revealed by crystallography or NMR. However, with reverse-ordered sequences, the
tools consistently predicted high o-helical content. In contrast, CD spectra for the reverse
sequences revealed largely disordered conformations. These findings suggest that current peptide
structure prediction tools may misrepresent structural features when faced with atypical sequences,

reinforcing the need for caution and experimental validation when interpreting such predictions.

4.3 Results and Discussion
4.3.1 Peptide Design

In this study, three peptides with known structures from crystallography or NMR were
selected to represent distinct structural classes: VHP (a tertiary structure with three a-helices, PDB
entry 1 YRF, Figure 4.1A), GA module (a-helical bundle, PDB entry 1PRB, Figure 4.1B), and WW
domain (B-sheet rich peptide, PDB entry 4GWT, Figure 4.1C). Each of these peptides served as a
forward-sequence control. For each native (forward) sequence, a reverse-order variant was

synthesized by inverting the amino acid sequence from N-terminus to C-terminus, without
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modifying the residue identities. As such, these reverse variants represent non-canonical sequences

that challenge the assumptions of existing prediction algorithms.

Figure 4.1 Crystal structure for VHP (A, PDB: 1YRF), NMR structure for GA module (B, PDB:

1PRB) and crystal structure for WW domain (C, PDB: 4GWT).

4.3.2 Peptide Structure Analysis using Circular Dichroism
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Figure 4.2 Far-UV CD for peptides and its corresponding reverse sequence. Measurements at 25°C.
A. Measurements for VHP peptide and its reverse sequence peptide VHP rev. Samples contained
50 uM polypeptide, 20 mM sodium acetate buffer, pH 5.0.3! B. Measurements for GA module and
its reverse sequence peptide GA_rev. Samples contained 50 uM polypeptide, 1X PBS buffer, pH
7.4.26 C. Measurements for WW domain and its reverse sequence peptide WW_rev. Samples
contained 50 uM polypeptide, 10 mM sodium phosphate buffer, pH 7.0.?

To test the computational predictions, all peptide variants were synthesized and analyzed

using far UV CD spectroscopy. For the forward peptide sequences, CD spectra were consistent
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with the expected structural states and with previous reports on the CD characterization of these
peptides. The a-helix-rich tertiary peptide VHP and the helical bundle GA module both exhibited
double minima at approximately 208 and 222 nm. For the Pinl WW domain, the CD signature
features a highly characteristic maximum near 227 nm, which presumably reflects contributions

from the two Trp side chains.

The CD spectra for the reverse sequences revealed a striking discrepancy with the predicted
models. All three reversed peptides—regardless of the structure of the native peptides—produced
spectra with a single minimum around 200 nm, a signature of disordered or unstructured
polypeptides. No evidence of a-helical character was observed in the reversed versions of the a-
helical peptides, VHP rev and GA_rev, and the reversed B-sheet peptide, WW _rev, showed no
features indicative of either helical or sheet-like structure. These results provide compelling
evidence that, despite predictions of ordered structures by all three computational tools, the actual

conformation of the reversed peptides in solution is predominantly unstructured.

4.3.3 Structure Prediction Tools

To assess how structural modeling tools handle both native and reverse-ordered sequences,
we employed three structure prediction platforms: pepFOLD4, ESMFold, and AlphaFold3. Each
tool uses a different approach. pepFOLD4 relies on a fragment-based approach and a coarse-
grained force field to predict peptide structures from their amino acid sequences.’>* ESMFold,
which stands for Evolutionary Scale Modeling Fold, uses a large protein language model (ESM-
2) that has been trained on a massive dataset of known protein sequences to predict protein

structures.® AlphaFold3 was trained on a massive dataset of experimentally determined protein
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structures from the Protein Data Bank (PDB) and uses a diffusion model to predict protein
structures by iteratively denoising a random starting point.? All peptide sequences—both forward
and reverse—were submitted to each tool, and the top-ranked model was analyzed in terms of

predicted secondary structure and fold quality.

4.3.3.1 pepFOLD4 Prediction

For the forward peptide sequences, pepFOLD4 produced models consistent with known
structures. The a-helix-rich tertiary peptide VHP (Figure 4.3A, RMSD = 0.943A) and the helical
bundle GA module (Figure 4.3C, RMSD = 1.822A) were both accurately predicted, showing good
agreement with expected helix packing and orientation. The B-sheet WW domain was also
predicted correctly, as the tool captured the extended nature of the structure, strand pairing and

hydrogen bonding patterns (Figure 4.3E, RMSD = 2.382A).
A C E
B E D ; F
Figure 4.3 Structure predictions for peptides from pepFOLD4: VHP (A), VHP rev (B), GA
module (C), GA_rev (D), WW (E), and WW _rev (F).
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The predicted structures for the reverse sequences revealed a consistent bias toward o-
helical conformations. All three reversed peptides—including the reversed WW domain—were
modeled as containing multiple a-helical segments (Figure 4.3 B, D, F). The reversed VHP peptide
was predicted to form two short helices without any compact tertiary structure (Figure 4.3B).
Similarly, the reversed GA module was modeled as three helices (Figure 4.3D). The reversed WW
domain was predicted to contain two short a helices. However, CD data revealed that all reversed
peptides were largely disordered in solution, showing no evidence of stable secondary structure
(Figure 4.2). These results highlight the limitation of pepFOLDA4’s tendency to default to helical

structures.

4.3.3.2 ESMFOLD Prediction

ESMFold performed exceptionally well on all three forward sequences. The predicted
models for the a-helical peptides closely mirrored their crystallographic counterparts, with high
confidence metrics (VHP, Figure 4.4A, RMSD = 0.587A; GA module, Figure 4.4C, RMSD =
1.278A). For the p-sheet WW domain, ESMFold successfully captured the antiparallel strand
geometry and hydrogen bonding network, demonstrating its strength in modeling diverse

secondary structures (Figure 4.4E, RMSD = 0.321A).
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Predictions for the reverse sequences revealed different behavior compared to other tools.
For the reversed VHP peptide, ESMFold predicted the structure to be largely unstructured, with
one short a-helical segment and an o-helical turn (Figure 4.4B). The reversed GA module was
predicted to be two a-helices with a bend between (Figure 4.4D). The reversed WW domain was
predicted to be largely unstructured with one short a-helical segment (Figure 4.4E). This prediction
diverged from the fully helical models produced by other platforms and suggested that ESMFold
partially recognized the disruption in foldability caused by sequence inversion. These predictions
were in partial agreement with experimental CD data (Figure 4.2), which indicated a lack of

defined secondary structure in all reversed peptides.

A

Figure 4.4. Structure predictions for peptides from ESMFOLD: VHP (A), VHP rev (B), GA
module (C), GA_rev (D), WW (E), and WW _rev (F).
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4.3.3.3 AlphaFOLD?3 Prediction

AlphaFold3 also generated accurate models for the forward peptides, achieving excellent
agreement with experimental structures (VHP, Figure 4.5A, RMSD = 0.412A; GA module, Figure
4.5C, RMSD = 1.675A; WW domain, Figure 4.5E, RMSD = 0.388 A). The predicted structures
were assessed with the confidence scores, predicted Template Modeling (pTM).>* A pTM score
above 0.5 means the overall predicted fold for the complex might be similar to the true structure.
The pTM scores were uniformly high (VHP, pTM = 0.64; GA module, pTM = 0.81; WW, pTM =
0.64), underscoring AlphaFold3’s superiority in native sequence modeling.

A C

o™ vy, W

Figure 4.5 Structure predictions for peptides from AlphaFOLD3: VHP (A), VHP_rev (B), IPRB
(C), IPRB _rev (D), WW (E), and WW _rev (F).

When reverse-ordered sequences were submitted, AlphaFold3 exhibited similar limitations
as the other tools. The reversed VHP peptide (Figure 4.5B) and reversed GA module (Figure 4.5D)
were both predicted to form overly regularized a-helices. The most significant discrepancy

occurred with the reversed -sheet WW peptide, which was modeled as a well-formed a-helix
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(Figure 4.5F). However, CD data revealed that all reversed peptides were largely disordered in

solution (Figure 4.2), contradicting with the predicted outcomes. These results indicate that

AlphaFold3 shares the bias toward helical folding evident for other predictive tools, when

presented with non-natural inputs.

Table 4.1. Comparison of structural predictions with CD results .

Peptide pepFOLD4 ESMFold | AlphaFold3 .
Type Prediction Prediction | Prediction CD Result Structural info
VHP Folded, Folded, Folded, Structured (a- a tertiary‘

native-like native-like native-like helical) structure with
three a-helices
Multiple a- Weak a- Strong a- .
VHP_rev helices helical helical Disordered -
IPRB Folded, Folded, Folded, Structured (o- ‘
native-like | native-like | native-like helical) a-helical bundle
Multiple a- Strong a- Strong a- .
IPRB_rev helices helical helical Disordered -
WW Fgldeq, Fgldeq, FQIdeq, Structured (- B-sheet rich
native-like native-like native-like sheet) peptide
Multiple a- Weak a- Strong a- .
WW_rev helices helical helical Disordered -

Together, these findings highlight a limitation of current peptide structure prediction tools:

a tendency to overpredict a-helical content in reversed peptide sequences (Table 4.1). This

behavior was likely from the insufficient modeling of sequence directionality. The results

underscore the importance of experimental validation when applying predictive models to

modified or synthetic peptides, particularly those are unnatural.



150

4.4 Conclusion

This study evaluated the performance of three widely used peptide structure prediction
tools—pepFOLD4, ESMFold, and AlphaFold3—on both native (forward) and reversed peptide
sequences. By using three structurally distinct peptides, a tertiary a-helix-rich, VHP, an a-helical
bundle, GA module, and a B-sheet structure, WW domain, we assessed whether these tools could

accurately model peptide conformations when sequence order is reversed.

Across all platforms, forward sequences were predicted with high fidelity, aligning closely
with known structures and confirming the strength of these tools for native-like input. In contrast,
reverse-ordered sequences were consistently mispredicted. Both pepFOLD4 and AlphaFold3
incorrectly modeled the reverse peptides as ordered, a-helical structures, regardless of their true
native fold or secondary structure class. ESMFold partially recognized the disruption in foldability
caused by sequence inversion, with predicted structures mostly unstructured with few a-helical
contents. Circular dichroism spectroscopy revealed that the reversed peptides did not adopt stable
secondary structures in solution and instead behaved as disordered, unstructured chains. This
experimental evidence clearly contradicts the predicted a-helical conformations and underscores

a key limitation in the current generation of peptide structure prediction models.

Collectively, our findings demonstrate that despite advances in deep learning and physics-
based modeling, these algorithms remain sensitive when dealing with synthetic or unnatural inputs.
The consistent bias toward a-helical predictions in reversed sequences likely reflects both training
data composition and inductive modeling assumptions favoring order over disorder. These results
emphasize the necessity of incorporating experimental validation, particularly for synthetic peptide
variants or engineered sequences, when using prediction models for structure-based design. Future

improvements in prediction algorithms should explicitly account for disordered states and
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sequence orientation, broadening their utility for non-natural peptides and novel protein

engineering applications.

4.5. Materials and Methods

4.5.1. Peptide synthesis, purification and characterization

All peptides were prepared via microwave-assisted solid-phase synthesis using a
LibertyBlue instrument. Fmoc-protected amino acids were purchased from Chem-Impex.
Phenylalanine and glycine preloaded Wang resins were purchased from CEM. Coupling reagents
ethyl cyano(hydroxyimino)acetate (Oxyma) and N,N’-diisopropylcarbodiimide (DIC) were
purchased from Chem-Impex. N,N-dimethylformamide (DMF), dichloromethane (DCM),
piperidine, trifluoroacetic acid (TFA), triisopropylsilane (TIPS), thioanisole, 1,2-ethanedithiol
(EDT), and acetonitrile were purchased from Sigma-Aldrich.

All peptides were synthesized on a 50 pmole scale with 0.2 M Oxyma in DMF and 0.2 M
DIC in DMF. Pre-loaded Wang resin was pre-swelled in 1:1 v/v DCM:DMF. Fmoc-amino acids
(1.25 mL, 0.2 M) were activated with DIC (0.5 mL, 0.5 M) and Oxyma (0.5 mL, 1 M) in biotech
grade DMF. Regular coupling cycles were performed at 90°C for 2 minutes. Histidine was coupled
at 50°C to prevent racemization.

After all residues had been added, the resin was mixed with the cleavage cocktail (8§ mL
per 50 pumole) containing 91.5% (v/v) TFA, 2.5% (v/v) H20, 2.5% (v/v) EDT, 2.5% (v/v)
thioanisole, and 1% (v/v) TIPS at room temperature for 3.5 hours for VHP, 1PRB and their reversed

peptides or 5 hours for WW and WW _rev. Excess TFA was removed under a stream of nitrogen,



152

and 35 mL of cold diethyl ether was then added to precipitate the crude peptide. The peptide was
isolated by centrifugation, washed with cold ether twice, and then dried under nitrogen.

For VHP, VHP rev, GA module and GA rev, ~25 umole of the crude product was
dissolved in 600 pL 1:1 H2O:ACN and filtered through a 0.22 pm Nylon filter for reversed-phase
HPLC purification. VHP analogs were purified using a C18 HPLC column on an Agilent HPLC.
H>0 and ACN with 0.1 % TFA were used as solvents A and B, respectively. A gradient from 10%
to 60% B over 20 minutes with a flow rate of 12 mL/minute was used. For WW domain and
WW _rev, ~25 umole of the crude peptide was dissolved in 1500 puL 1:1 H>O:ACN and then filtered
for reversed-phase HPLC purification. WW domain analogs were first purified using a C8 column
on an Agilent HPLC using 10% to 60% B over 20 minutes with a flow rate of 12 mL/minute. For
the second purification, the WW domain analogs were purified with a C8 column using 20-50% B
over 20 minutes with flow rate = 14mL/ min. Peptide masses were determined using MALDI-

TOF-MS, and purity was checked using UPLC (at 220 nm).

4.5.2. Circular Dichroism (CD) Spectroscopy

CD experiments were conducted at 25 °C on a JASCO J-1500 CD spectrometer. The VHP
peptide and its reversed peptide VHP rev were diluted to 50 uM using 20 mM sodium acetate
buffer (pH = 5.0).3! The GA module and its reversed peptide GA_rev were diluted to 50 uM using
1X PBS buffer, pH 7.4.2¢6 The WW domain and its reversed peptide WW _rev were diluted to 50
uM using 10 mM sodium phosphate buffer (pH = 7.0).2” The peptide sample was then transferred
to a 1-mm quartz cuvette. The CD spectrum was measured from 260 to 200 nm with 0.1 nm

intervals at 4 second digital integration time (D.L.T) at 100 nm/min scanning speed. The data are
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presented as mean residue ellipticity in degecm2¢M-1 calculated based on the equation shown
below.

molar ellipticity (0) =(mdeg value)/(32.98*concentration (mol/L)*path length (cm))

4.6. MALDI-TOF-MS Spectra and UPLC Data for Synthetic Peptides

VHP: H,N-LSDEDFKAVFGMTRSAFANLPLWKQOOHLKKEKGLF-COOH
ESI-MS: calculated monoisotopic [M+H]" = 4080.1528
observed monoisotopic [M+H]" = 4080.153

(*ESI-MS/MS was used to obtain fragment ionized peptides and the measured the mass
differences between the resulting fragment ions in MS/MS graphs were used to determine the
amino acid sequence.)

UPLC: HoO/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130A 1.7 pm, 2.1 x 150mm) column.

Purity > 99.0 %
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MS-MS fragmentation of peptide: LSDEDFKAVFGMTRSAFANLPLWKQQHLKKEKGLF
Elemental composition: C189 H291 N49 050 S1
Mass: [Mo.] 4080.153 Da.(MH+) 2040.580 Da.(M2H+) 1360.722 Da.(M3H+) [Mass file: AA_MASS.MSS]

a b Res: X y

86.097 114.092 1Leu 35 - - - -
173.129 201.124v7 2 Ser 34 3993.049  3967.069  3951.050 3936.050 3935.055
288.156 316.151« 3 Asp 33 3906.017 3880.037  3864.018 3821.023 3820.028
417.199 445193v 4 Glu 32 3790.990  3765.010  3748.991 3691.981 3690.986
532.225 560.220,/ 5 Asp 31 3661.947  3635.967  3619.948 3576.954 3575.959
679.294 707.289 6 Phe 30 3546.920  3520.940  3504.922 3429.885 3428.890
807.389 835.384v 7 Lys 29 3399.852 3373.872  3357.853 3301.790 3300.795
878.426 906.421V 8 Ala 28 3271.757  3245.777  3229.758 3230.753 -
977.494 1005.489+" 9 Val 27 3200.720 3174.740 3158.721 3131.685 3144.705
1124.563 1152.658/ 10 Phe 26 3101.651 3075.671 3059.653 2984.617  2983.621
1181.584 1209.579+/ 11 Gly 25 2954583  2928.603  2912.584 - -
1312.625 1340.620 12 Met 24 2897.561 2871.581 2855.563 2796:555  2795.559
1413.672 1441.667° 13 Thr23 2766.521 2740.541 2724522 2695.507  2708.527
1569.774 1697.768 14 Arg 22 2665.473  2639.493 . 2623.475 2639.406  2538.411
1656.806 1684.800 15 Ser 21 2500.372  2483.392 . 2467.373 2452.374  2451.379
1727.843 1755.838 16 Ala 20 2422.340  2396.360  2380.341 2381.337 -
1874.911 1902.906 17 Phe 19 2351.303  2325.323  2309.304 2234.268  2233.273
1945.948 1973.943 18 Ala 18 2204.234  2178.265  2162.236 2163.231 -
2059.991 2087.986v/ 19 Asn 17 2133.197  2107.217  2091.199 2049.188  2048.193
2173.0756  2201.070 20Leu16 2019.154 1993.175 1977.156 1936.104 1935.109
2270.128  2298.123 ' 21 Pro 15 1906.070 1880.091v/ 1864.072 - -
2383212  2411.207\/ 22 Leu 14 1809.018 1783.038 1767.019 1725.967 1724.972
2569.291 2597.286 23 Trp 13 1695.933 1669.954 1653.935 1639.888 1538.893
2607.386  2726.381 24 Lys 12 1509.854 1483.874\" 1467.856 1411.793 1410.798
2825.445  2853.440 25GIn 11 1381.759 1355.779 1339.761 1283.734 1282.739
2953.503 2081498 26 GIn10 1253.701 1227.721v" 1211.702 1155.676 1154.681

z v w

3090.562 3118.557 27 His 9 1125.642 1099.662 v/ 1083.644 1018.617 1017.622
3203.646  3231.641 28 Leu 8 988.583 962.603v  946.585 905.533 904.538
3331.741 3359.736 29Lys 7 875.499 849.519 v  833.501 777.438 776.443
3459.836 3487.831 30Lys 6 747.404 721.424 V' 705.406 649.343 648.348
3588.879  3616.874 31Glu 5 619.309 593.329 v 577.311 520.300 519.305
3716.974 3744.969 32Llys 4 490.267 464287 448.268 392.205 391.210
3773.995 3801.990 33Gly 3 362.172 336.192 v 320.173 - -
3887.079 39156.074 34 Lleu 2 305.150 279.170V  263.152 222.100 221.105
- - 35 Phe 1 192.066 166.086 150.068 75.031 74.036

- Related immonium ions:

- 88.039[D] 87.055[N] 74.060[T] 60.044[S] 102.055[E] 101.071[Q] 70.065[P]
- 30.034[G] 44.049[A] 72.081[V] 104.053[M] 86.096[L] 120.081[F] 101.107[K]
- 110.071[H] 159.092[W] 129.113[R]

N-terminal: Hydrogen C-terminal: Free acid

Sorted mass list:

Mass Type 1227.721 y' 10 -2059.991 a 19 2853.440 b 25 -3661.947 x 31
86.097 a 1 + 1253.701 x 10 -2087.986 b 19 -2855.563 z' 24 -3690.986 w' 32
114.092 b 1 +1282.739 w' 11 -2091.198 z' 17 -2871.581 y' 24 -3691.981 v' 32
173.129 a 2 +1283.734 v' 11 -2107.217 y' 17 -2897.561 x 24 -3748.991 z' 32
201.124 b 2 +1312.625 a 12 -2133.197 x 17 -2912.584 z' 25 -3765.010 y' 32
288.156 a 3 +1339.761 z'. 11 -2162.236 z' 18 -2928.603 y' 25 -3790.980 x 32
316.151 b 3 +1340.620 b 12 -2163.231 v' 18 -2953.503 a 26 -3820.028 w' 33
417.199 a 4 +1355.779 y' 11 -2173.075 a 20 -2954.583 x 25 -3821.023 v' 33
445.193 b 4 +1381.759 x 11 -2178.255 y' 18 -2981.498 b 26 -3864.018 z' 33
532.225 a 5 +1410.798 w' 12 -2201.070 b 20 -2983.621 w' 26 -3880.037 y' 33
560.220 b 5 +1411.793 v' 12 -2204.234 x 18 -2984.617 v' 26 -3906.017 x 33
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648.348 w' 6 +1413.672 a 13 -2233,273 w' 19 -3059.653 z' 26 -3935.055 w' 34
649.343 v' 6 +1441.667 b 13 -2234.268 v' 19 -3075.671 y' 26 -3936.050 v' 34
679.294 a 6 +1467.856 z' 12 -2270.128 a 21 -3090.562 a 27 -3951.050 z' 34
705.406 z' 6 +1483.874 y' 12 -2298.123 b 21 -3101.651 x 26 -3967.069 y' 34
707.289 b 6 +1509.854 x 12 -2309.304 z' 19 -3118.557 b 27 -3993.049 x 34
721.424 y' 6 +1538.893 w' 13 -2325.323 y' 19 -3131.685 v' 27
747.404 x 6 +1539.888 v' 13 2351.303 x 19 -3144.705 w' 27
776.443 w' 7 +1569.774 a 14 -2380.341 z' 20 -3158.721 z' 27
777.438 v' 7 +1597.768 b 14 -2381.337 v' 20 -3174.740 y' 27 -577.311 s B =
807.389 a 7 +1653.935 z' 13 -2383.212 a 22 -3200.720 x 27 -520.300 v' 5 +
833.501 z' 7 +1656.806 a 15 -2396.360 y' 20 -3203.646 a 28 -519.305 w! 5 +
835.384 b 7 +1669.954 y' 13 2411.207 b 22 -3229.758 z' 28 -3716.974 a 32
849.519 y' 7 +1684.800 b 15 -2422.340 x 20 -3230.753 v' 28 -3744.969 b 32
875.499 x 7 +1695.933 x 13 -2451.379 w' 21 -3231.641 b 28 -490.267 x 4 4+
878.426 a 8 +1724.972 w' 14 ;2452.374 v' 21 -3245.777 y' 28 -464.287 y' 4 +
904.538 w' 8 +1725.967 v' 14 -2467.373 z' 21 -3271.757 x 28 -448.268 z' 4+
905.533 v' 8 +1727.843 a 16 -2483.392 y' 21 -3300.795 w' 29 -392.205 v' 4 +
906.421 b 8 +1755.838 b 16 -2509.372 x 21 -3301.790 v' 29 -391.210 w' 4+
946.585 z' 8 +1767.019 z' 14 -2538.411 w' 22 -3331.741 a 29 -3773.995 a 33
962.603 y' 8 +1783.038 y' 14 -2539.406 v' 22 -3357.853 z' 29 -3801.990 b 33
977.494 a 9 +1809.018 x 14 -2569.291 a 23 -3359.736 b 29 -362.172 x 3 +
988.583 x 8 +1864.072 z' 15 -2597.286 b 23 -3373.872 y' 29 -336.192 y' 3 0+
1005.489 b 9 -1874.911 a 17 -2623.475 z' 22 -3399.852 x 29 -320.173 z' 3 +
1017.622 w' 9 -1880.091 y' 15 -2639.493 y' 22 -3428.890 w' 30 -3887.079 a 34
1018.617 v' 9 -1902.906 b 17 -2665.473 X 22 -3429.885 v' 30 -3915.074 b 34
1083.644 z' 9 -1906.070 x 15 -2695.507 v' 23 -3459.836 a 30 -305.150 x 2 +
1099.662 y' 9 -1935.109 w' 16 -2697.386 a 24 -3487.831 b 30 -279.170 y' 2 o+
1124.563 a 10 -1936.104 v' 16 -2708.527 w' 23 -3504.922 z' 30 -263.152 z' 2 4+
1125.642 X 9 -1945.948- a 18 -2724.522 z' 23 -3520.940 y' 30 -222.100 vt 2 o+
1152.558 b 10 -1973.943 b 18 -2725.381 b 24 -3546.920 x 30 -221.105 w' 2 o+
1154.681 w' 10 -1977.156 z' 16 -2740.541 y' 23 -3575.959 w' 31 -192.066 x 1 +
1155.676 v' 10 -1993.175 y' 16 -2766.521 x 23 -3576.954 v' 31 -166.086 y' 1 +
1181.584 a 11 -2019.154 x 16 2795.559 w' 24 -3588.879 a 31 -150.068 z' 1 +
1209.579 b 11 -2048.193 w' 17 -2796.555 v' 24 -3619.948 z' 31 -75.031 v' 1
1211.702 z' 10 -2049.188 v' 17 -2825.445 a 25 -3635.967 y' 31 +
Intens.
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VHP_rev: H,N-FLGKEKKLHQOKWLPLNAFASRTMGFVAKFDEDSL-COOH
ESI-MS: calculated monoisotopic [M+H]" = 4080.1528
observed monoisotopic [M+H]" = 4080.153

(*ESI-MS/MS was used to obtain fragment ionized peptides and the measured the mass
differences between the resulting fragment ions in MS/MS graphs were used to determine the
amino acid sequence.)

UPLC: HoO/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130A 1.7 pm, 2.1 x 150mm) column.

Purity > 99.0 %
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MS-MS fragmentation of peptide: FLGKEKKLHQQKWLPLNAFASRTMGFVAKFDEDSL
Elemental composition: C189 H291 N49 O50 S1
Mass: [Mo.] 4080.153 Da.(MH+) 2040.580 Da.(M2H+) 1360.722 Da.(M3H+)

[Mass file: AA_MASS.MSS]

a b Res: X y' z' v w'

120.081 148.076 1 Phe 35 - - - -
233.165 261.160y/ 2 Lleu34 3959.064 3933.084 3917.066 3876.014 3875.019
290.187 318182 3Gly33 3845.980 3820.000 3803.982 - -
418.282 446.277 ~ 4 Lys 32 3788.959 3762.979 3746.960 3690.898 3689.902
547.324 §75.319./ 5Glu 31 3660.864 3634.884 3618.865 3561.855 3560.860
675.419 703.414 6 Lys 30 3531.821 3505.841 3489.823 3433.760 3432.765
803.514 831.509 7 Lys 29 3403.726 3377746 3361.728 3305.665 3304.670
916.598 944.593 8 Leu 28 3275.631 3249.651 3233.633 3192.581 3191.586

1053.657 1081.652 .+ 9 His 27 3162.547 3136.567 3120.549 3055.522 3054.527

1181.716 1209.711 10 Gin 26 3025.488 2999.508 2983.490 2927.463 2926.468

1309.774 1337.769 11 GIn 25 2897.430 2871.450 2855.431 2799.405 2798.410

1437.869 1465.864,/ 12 Lys 24 2769.371 2743.391 2727.373 2671.310 2670.315

1623.949 1651.944 13 Trp 23 2641.276 2615.296 2599.278 2485.231 2484.235

1737.033 1765.028 14 Leu 22 2455.197 2429217 2413.198 2372.147 2371.151

1834.086 1862.080 15 Pro 21 2342113 2316.133 2300.114 - -

1947.170 1975.165 16 Leu 20 2245.060 2219.080 2203.061 2162.010 2161.014

2061.213 2089.207 17 Asn 19 2131.976 2105.996 2089.977 2047.967 2046.972

2132.250 2160.245 18 Ala 18 2017.933 1991.953 1975.934 1976.930 -

2279.318 2307.313 19 Phe 17 1946.896 1920.916 1904.897 1829.861 1828.866

2350.355 2378.350 20 Ala 16 1799.827 1773.848 1757.829 1758.824 -

2437.387 2465.382 21 Ser15 1728.790 1702.811 1686.792 1671.792 1670.797

2593.488 2621.483 22 Arg 14 1641.758 1615.778 1599.760 1515.691 1514.696

2694.536 2722.531 23 Thr 13 1485.657 1459.677 1443.659 1414.643 1427.664

2825.577 2853.571 24 Met 12 1384.609 1358.630 1342.611 1283.603 1282.608

2882.598 2910.593 25 Gly 11 1253.569 1227.589 v/ 1211.570 - -

3029.666 3057.661 26 Phe 10 1196.548 1170.568 ' 1154.549 1079.513 1078.518

3128.735 3156.730 27 Val 9 1049.479 1023.499 ', 1007.481 980.445 993.465

3199.772 3227.767 28 Ala 8 950.411 924.431 908.412 909.407 -

3327.867 3355.862 29 Llys 7 879.374 853.394 837.375 781.312 780.317

3474.935 3502.930 30 Phe 6 751.279 725.299 709.280 634.244 633.249

3589.962 3617.957 31Asp 5 604.210 578.230 562.212 519.217 518.222

3719.005 3747.000 32Glu 4 489.183 463.203 v 447.185 390.175 389.179

3834.032 3862.027 33Asp 3 360.141 334.161 ‘/*, 318.142 275.148 274.152

3921.064 3949.059 34 Ser 2 245.114 219.134'v  203.115 188.116 187.120

- - 35 Leu 1 158.082 132.102 116.083 75.031 74.036

- Related immonium ions: -
- 88.039[D] 87.055[N] 74.060[T] 60.044[S] 102.055[E] 101.071[Q] 70.065[P]
- 30.034[G] 44.049[A] 72.081[V] 104.053[M] 86.096[L] 120.081[F] 101.107[K]
- 110.071[H] 159.092[W] 129.113[R]
N-terminal: Hydrogen C-terminal: Free acid
Sorted mass list:
Mass Type 1211.570 z' 11 -1991.953 y' 18 -2825.577 a 24 -3618.865 z' 31
120.081 a 1 +1227.589 y' 11 -2017.933 x 18 -2853.571 b 24 -3634.884 y' 31
148.076 b 1 +1253.569 x 11 -2046.972 w' 19 -2855.431 z' 25 -3660.864 x 31
233.165 a 2 +1282.608 w' 12 -2047.967 v' 19 -2871.450 y' 25 -3689.902 w' 32
261.160 b 2 +1283.603 v' 12 -2061.213 a 17 -2882.598 a 25 -3690.898 v' 32
290.187 a 3 +1309.774 a 11 -2089.207 b 17 -2897.430 x 25 -3746.960 z' 32
318.182 b 3 +1337.769 b 11 -2089.977 ''19 -2910.583 b 25 -3762.979 y' 32
418.282 a 4 +1342.611 z' 12 -2105.996 ''19 -2926.468 w' 26 -3788.958 % 32
446.277 b 4 +1358.630 y' 12 -2131.976 x 19 -2827.463 v' 26 -3803.982 z' 33
547.324 a 5 +1384.609 x 12 -2132.250 a 18 -2983.490 z' 26 -3820.000 y' 33
575.319 b 5 v' 13 -2160.245 b 18 -2999.508 y' 26 -3845.980 x 33

+1414.643
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604.210 x 5 +1427.664 w' 13 -2161.014 w' 20 -3025.488 X 26 -3875.019 w' 34
633.249 w' 6 +1437.869 a 12 -2162.010 v' 20 -3029.666 a 26 -3876.014 v' 34
634.244 v' 6 +1443.659 z' 13 -2203.061 z' 20 -3054.527 w' 27 -3917.066 z' 34
675.419 a 6 +1459.677 y' 13 -2219.080 y' 20 -3055.522 v' 27 -3933.084 y' 34
703.414 b 6 +1465.864 b 12 -2245.060 x 20 -3057.661 b 26 -3959.064 x 34
709.280 z' 6 +1485.657 x 13 2279.318 a 19 -3120.549 z' 27 -
725.299 y' 6 +1514.696 w' 14 -2300.114 z' 21 -3128.735 a 217
751.279 x 6 +1515.691 v' 14 -2307.313 b 19 -3136.567 y' 27 -
780.317 w' 7 +1599.760 z' 14 -2316.133 y' 21 -3156.730 b 27 -518.222 w' 5 +
781.312 v' 7 +1615.778 y' 14 2342.113 x 21 -3162.547 x 27 -3719.005 a 32 -
803.514 a 7 +1623.949 a 13 -2350.355 a 20 -3191.586 w' 28 -3747.000 b 32 =
831.509 b 7 +1641.758 x 14 -2371.151 w' 22 -3192.581 v' 28 -489.183 x 4 +
837.375 z' 7 +1651.944 b 13 -2372.147 v' 22 -3199.772 a 28 -463.203 y' 4 +
853.394 y' 7 +1670.797 w' 15 -2378.350 b 20 -3227.767 b 28 -447.185 z' 4 +
879.374 x 7 +1671.792 v' 15 -2413.198 z' 22+ -3233.633 z' 28 -390.175 v' 4 o+
908.412 z' 8 +1686.792 z' 15 -2429.217 y' 22 -3249.651 y' 28 -389.179 w' 4 +
909.407 v 8. +1702.811 y' 15 -2437.387 a 21 -3275.631 x 28 -3834.032 a 33 -
916.598 a 8 +1728.790 x 15 -2455.197 % 22 -3304.670 w' 29 -3862.027 b 33
924.431 y! 8 +1737.033 a 14 -2465.382 b 21 -3305.665 v' 29 -360.141 x 3 +
944.593 b 8 +1757.829 z' 16 -2484.235 w' 23 -3327.867 a 29 -334.161 y' 3+
950.411 Xx 8 +1758.824 v' 16 -2485.231 v' 23 -3355.862 b 29 -318.142 z' 3 +
980.445 v' 9 +1765.028 b 14 -2593.488 a 22 -3361.728 z' 29 -275.148 v' 3 4+
993.465 w' 9 +1773.848 y' 16 -2599.278 z' 23 -3377.746 y' 29 274.152 w' 3 +
1007.481 z' 9 -1799.827 x 16 -2615.296 y' 23 -3403.726 x 29 -3921.064 a 34
1023.499 y' 9 -1828.866 w' 17 -2621.483 b 22 -3432.765 w' 30 -3949.059 b 34 -
1049.479 x 9 -1829.861 v' 17 2641.276 x 23 -3433.760 v' 30 -245.114 x 2 +
1053.657 a 9 -1834.086 a 15 -2670.315 w' 24 -3474.935 a 30 -219.134 y'o2 o+
1078.518 w' 10 -1862.080 b 15 -2671.310 v' 24 -3489.823 z' 30 -203.115 z' 2 o+
1079.513 v' 10 -1904.897 z' 17 -2694.536 a 23 -3502.930 b 30 -188.116 v' 2 +
1081.652 b 9 1920.916 y' 17 -2722.531 b 23 -3505.841 y' 30 -187.120 w' 2 +
1154.549 z' 10 -1946.896 x 17 -2727.373 z' 24 -3531.821 x 30 -158.082 x 1 +
1170.568 y' 10 -1947.170 a 16 -2743.391 y' 24 -3560.860 w' 31 -132.102 y'oo1 o+
1181.716 a 10 -1975.165 b 16 -2769.371 x 24 -3561.855 v' 31 -116.083 z' 1+
1196.548 x 10 -1975.934 z' 18 -2798.410 w' 25 -3589.962 a 31 -75.031 v 1 o+
1209.711 b 10 1976.930 v' 18 -2799.405 v' 25 -3617.957 b 31 +
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WW: H,N-KLPPGWEKRMSRSSGRVYYFNHITNASOQWERPSG-COOH
ESI-MS: calculated monoisotopic [M+H]" = 4022.00
observed monoisotopic [M+H]"=4021.97

(*ESI-MS/MS was used to obtain fragment ionized peptides and the measured the mass
differences between the resulting fragment ions in MS/MS graphs were used to determine the
amino acid sequence.)

UPLC: HoO/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130A 1.7 pm, 2.1 x 150mm) column.

Purity > 99.0 %

+-4.082
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MS-MS fragmentation of peptide: KLPPGWEKRMSRSSGRVYYFNHITNASQWERPSG
Elemental composition: C179 H269 N55 O50 S1
Mass: [Mo.] 4021.999 Da.(MH+) 2011.503 Da.(M2H+) 1341.338 Da.(M3H+) [Mass file: AA_MASS.MSS]

a b Res: X y z \' w

101.108 129.103 1Lys 34 - - - -
214.192 242187V 2Lleu33 3919.884 3893.904 3877.885 3836.834 3835.838
311.245 339.240 3 Pro 32 3806.800 3780.820  3764.801 - &
408.297 436.292,/ 4 Pro 31 3709.747 3683.767  3667.749 - =
465.319 493.314, 5Gly 30 3612.694 3586.715  3570.696 = -
651.398 679.393- 6Trp29 3555.673 3529.693 3513.674 3399.627 3398.632
780.441 808.436- 7 Glu 28 3369.594 3343.614 3327.595 3270.585 3269.590
908.536 936.531 8 Lys 27 3240.551 3214.571 3198.552 3142.490 3141.495
1064.637 1092.632« 9 Arg 26 3112.456 3086.476+/ 3070:457 2986.389 2985.393
1196.677 1223.672 10 Met 25 2956.355 2930.375 2914.356 2855.348 2854.353
1282.709 1310.704 11 Ser24 2825.314  2799.335 2783.316 2768.316  2767.321
1438.811 1466.805 12 Arg 23 2738.282 2712.303y 2696.284 2612215 2611.220
1625.843 1553.837 13 Ser 22 2582.181 2556.201 2540.183 2525.183 2524.188
1612.875 1640.870 14 Ser 21 2495.149 12469.169 2453.151 2438.151 2437.156
1669.896 1697.891 15 Gly 20 2408.117  2382.137 2366.119 - -
1825.997 1853.992 16 Arg 19 2351.096  2325.116¢# 2309.097  2225.028 2224.033
1925.066 1953.060 17 Val 18 2194995 2169.015  2152.996  2125.960 2138.980
2088.129  2116.124 18 Tyr 17  2095.926 2069.946  2053.928 1962.897 1961.901
2251.192  2279.187 18 Tyr 16 1932.863 1906.883+/, 1890.864 1799.833 1798.838
2398.261 2426.256 20 Phe 15 1769.800 1743.820/ 1727.801 1652.765 1651.770
2512.304  2540.298 21 Asn 14 1622.731 1596.751 / 1580.733 1538.722 1537.727
2649.362  2677.357 22 His 13 1508.688 1482.708 V/, 1466.690 1401.663 1400.668
2762.447  2790.441 23 lle 12 1371.629 1345.650 5 1329.631 1288.579 1301.599
2863.494 2891489 24 Thr 11 1258.545 1232.565 1216.547 1187.531 1200.552
2977.537 3005.532 25Asn 10 1157.498 1131.518 V/ 1115.499 1073.488 1072.493

3048.574 3076.569 26 Ala 9 1043.455 1017.475 V' 1001.456 1002.451 -

3135.606 3163.601 27 Ser 8 972.418 946.438V"  930.419 915.419 914.424
3263.665 3291.660 28GIn 7 885.386 859.406" 843.387 787.361 786.366
3449.744 3477.739 29Trp 6 757.327 731.347+", 715.328 601.281 600.286
3578.787 3606.782 30Glu 5 571.248 545.268‘/ 529.249 472.239 471.244
3734.888 3762.883 31Arg 4 442.205 416.225v"  400.206 316.138 315.142
3831.941 3859.936 32 Pro 3 286.104 260.124v  244.105 - -

3918.973 3946.968 33 Ser 2 189.051 163.071 147.053 132.053 131.058

- - 34 Gly 1 102.019 76.039 60.021 = -

- Related immonium ions:

- 87.055[N] 74.060[T] 60.044[S] 102.055[E] 101.071[{Q] 70.065{P] 30.034[G]
- 44.049[A] 72.081[V] 104.053[M] 86.096[I] 86.096[L] 136.076[Y] 120.081[F]
- 101.107[K] 140.071[H] 159.092[W] 129.113[R]

N-terminal: Hydrogen C-terminal: Free acid

Sorted mass list:

Mass Type 1073.488 v' 10 -1825.997 a 16 -2612.215 v' 23 3399.627 v' 29
101.108 a 1 +1092.632 b 9 -1853.992 b 16 -2649.362 a 22 -3449.744 a 29
129.103 b 1 +1115.499 z' 10 -1890.864 z' 16 -2677.357 “b 22 -3477.739 b 29
214.192 a 2 +1131.518 y' 10 -1906.883 y' 16 2696.284 z' 23 -3513.674 z' 29
242,187 b 2 +1157.498 x 10 -1925.066 a 17 -2712.303 y' 23 -3529.693 y' 29
311.245 a 3 +1187.531 v' 11 -1932.863 x 16 -2738.282 %x 23 -3555.673 x 29
339.240 b 3 +1195.677 a 10 -1953.060 b 17 -2762.447 a 23 -3570.696 z' 30
408.297 a 4 +1200.552 w' 11 -1961.901 w' 17 2767.321 w' 24 -3578.787 a 30
436.292 b 4 +1216.547 z' 11 -1962.897 v'" 17 -2768.316 v' 24 -3586.715 y' 30
442,205 x 4 +1223.672 b 10 -2053.928 z' 17 -2783.316 z' 24 -3606.782 b 30
465.319 a 5 +1232.565 y' 11 -2069.946 y' 17 -2790.441 b 23 -3612.694 % 30
471,244 w' 5 +1258.545 x 11 -2088.129 a 18 -2799.335 y' 24 -3667.749 z' 31
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472.239 v' 5 +1282.709 a 11 -2095.926 % 17 -2825.314 x 24 -3683.767 y' 31
493.314 b 5 +1288.579 v' 12 -2116.124 b 18 -2854.353 w' 25 -3709.747 x 31
529.249 z' 5 +1301.599 w' 12 -2125.960 v' 18 -2855.348 v' 25 -3734.888 a 31
545,268 y' 5 +1310.704 b 11 -2138.980 w' 18 -2863.494 a 24 -3762.883 b 31
571.248 x 5 +1328.631 z' 12 -2152.996 z' 18 -2891.489 b 24 . -3764.801 z' 32
600.286 w' 6 +1345.650 y' 12 -2169.015 y' 18 -2914.356 z' 25 -3780.820 y' 32
601.281 v' 6 +1371.628 x 12 -2194.995 x 18 -2930.375 y' 25 -3806.800 x 32
651.398 a 6 +1400.668 w' 13 -2224.033 w' 19 -2956.355 x 25 -3835.838. w' 33
679.393 b 6 +1401.663 v' 13 -2225.028 v' 19 -2977.537 a 25 3836.834 v' 33
715.328 z' 6 +1438.811 a 12 -2251.192 a 19 -2985.393 w' 26 -3877.885 z' 33
731.347 y' 6 +1466.690 z' 13 -2279.187 b 19 -2986.389 v' 26 -3893.904 y4 33
757.327 x 6 +1466.805 b 12 -2309.097 z' 19 -3005.532 b 25 -3919.884 x 33
780.441 a 7 +1482.708 y' 13 -2325.116 y' 19 -3048.574 a 26 -
786.366 w' 7 +1508.688 x 13 -2351.096 x 19 -3070.457 z' 26
787.361 v' 7 +1525.843 a 13 -2366.119 z' 20 -3076.569 b 26 -
808.436 b 7 +1537.727 w' 14 -2382.137 y' 20 -3086.476 y' 26 -315.142 w' +
843.387 z' 7 +1538.722 v' 14 2398.261 a 20 -3112.456 X 26 -3831.941 a 32 -
859.406 y' 7 +1553.837 b 13 -2408.117 x 20 -3135.606 a 27 -3859.936 b 32 -
885.386 x 7 +1580.733 z' 14 -2426.256 b 20 -3141.495 w' 27 -286.104 x 3 +
908.536 a 8 +1596.751 y' 14 -2437.156 w' 21 -3142.490 v' 27 -260.124 y' 3 +
914.424 w' 8 +1612.875 a 14 -2438.151 v' 21 -3163.601 b 27 -244.105 z' 3 +
915.419 v' 8 +1622.731 x 14 -2453.151 z' 21 -3198.552 z' 27 -3918.973 a 33 -
930.419 z' B8 +1640.870 b 14 -2469.169 y' 21 -3214°.571 y' 27 -3946.968 b 33 -
936.531 b 8 +1651.770 w' 15 -2495.149 % 21 -3240.551 x 27. -189.051 X 2 +t
946.438 y' 8 +1652.765 v' 15 -2512.304 a 21 -3263.665 a 28 -163.071 y' 2+
972.418 x 8 +1669.896 a 15 -2524.188 w' 22 -3269.590 w' 28 147.053 z' 2 4+
1001.456 z' 9 -1697.891 b 15 -2525.183 v' 22 -3270.585 v' 28 -132.053 v' 2 +
1002.451 v' 9 1727.801 z' 15 -2540.183 z' 22 -3291.660 b 28 -131.058 w' 2 +
1017.475 y' 9 1743.820 y' 15 -2540.298 b.21 -3327.5895 z' 28 -102.019 x 1 +
1043.455 x 9 -1769.800 x 15 -2556.201 y' 22 -3343.614 y' 28 -76.039 y' 1 +
1064.637 a 9 -1798.838 w' 16 -2582.181 x 22 -3369.594 X 28 +
1072.493 w' 10 -1799.833 v' 16 -2611.220 w' 23 -3398.632 w' 29 +
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WW rev: H,N-GSPREWQSANTIHNFYYVRGSSRSMRKEWGPPLK-COOH
ESI-MS: calculated monoisotopic [M+H]" =4021.9991
observed monoisotopic [M+H]"=4021.9999

(*ESI-MS/MS was used to obtain fragment ionized peptides and the measured the mass
differences between the resulting fragment ions in MS/MS graphs were used to determine the
amino acid sequence.)

UPLC: H,O/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130A 1.7 pm, 2.1 x 150mm) column.

Purity > 99.0 %

1




MS-MS fragmentation of peptide: GSPREWQSANTIHNFYYVRGSSRSMRKEWGPPLK
Elemental composition: C179 H269 N55 050 S1
Mass: [Mo.] 4021.999 Da.(MH+) 2011.503 Da.(M2H+) 1341.338 Da.(M3H+)

[Mass file: AA_MASS.MSS]

a b Res: X y' z' V' w'
30.034 58.029 1Gly 34 - - - -

117.066 145.061 2 Ser 33 3990.957 3964.978 3948.959 3933.959 3932.964
214.119 242 114 3 Pro 32 3903.925 3877.946 3861.927 - -
370.220 398.215v , 4 Arg 31 3806.873 3780.893 3764.874 3680.805 3679.810
499.263 527.258 5 Glu 30 3650.772 3624.792 3608.773 3551.763 3550.768
685.342 713.337v 6 Trp 29 3521.729 3495.749 3479.730 3365.683 3364.688
813.401 841.396v" 7 GIn 28 3335.650 3309.670 3293.651 3237.625 3236.630
900.433 928428/ 8 Ser27 3207.591 3181.611 3165.593 3150.593 3149.598
971.470 999.465 |,/ 9 Ala 26 3120.559 3094.579 3078.560 3079.556 -

1085.513 1113.508 v 10 Asn 25 3049.522 3023.542 3007.523 2965.513 2964.518

1186.561 1214.555 / 11 Thr 24 2935.479 2909.499 2893.480 2864.465 2877.486

1299.645 1327.639 / 121le 23 2834.431 2808.451 2792.433 2751.381 2764.401

1436.703 1464.698 13, His 22 2721.347 2695.367v 2679.349 2614.322 2613.327

15650.746 1678.741 14 Asn 21 2584.288 2558.309 2542.290 2500.279 2499.284

1697.815 1725.810 15 Phe 20 2470.245 2444 266 2428.247 23563.211 2352.216

1860.878 1888.873 16 Tyr 19 2323.177 2297.197 2281.178 2190.147 2189.152

2023.941 2051.936 17 Tyr 18 2160.114 2134.134 2118.115 2027.084 2026.089

2123.010 2151.005 18 Val 17 1997.050 1971.071 1955.052 1928.016 1941.036

2279.111 2307.106 19 Arg 16 1897.982 1872.002 1855.983 1771.915 1770.919

2336.132 2364.127 20 Gly 15 1741.881 1715.901 1699.882 - -

2423.165 2451159 21 Ser 14 1684.859 1658.880 1642.861 1627.861 1626.866

2510.197 2538.191 22 Ser 13 1597.827 1571.847 1555.829 1540.829 15639.834

2666.298 2694.293 23 Arg 12 1510.795 1484.815 1468.797 1384.728 1383.733

2753.330 2781.325 24 Ser 11 1354.694 1328.714 1312.696 1297.696 1296.701

2884.370 2912365 25 Met 10 1267.662 1241.682- 1225664 1166.655 1165.660

3040.471 3068.466 26 Arg 9 1136.622 1110.642+ 1094.623 1010.554 1009.559

3168.566 3196.561 27 Lys 8 980.521 954.541~  938.522 882.459 881.464

3297.609 3325.604 28Glu 7 852.426 826.446  810.427 753.417 752.422

3483.688 3511.683 29Trp B 723.383 697.403v  681.384 567.337 566.342

3540.710 3568.705 30Gly 5 537.304 511.324 v/ 495.305 - -

3637.762 3665.757 31Pro 4 480.282 454302V 438.284 - -

3734.815 3762.810 32 Pro 3 383.229 357.250v  341.231 - -

3847.899 3875.894 33 Leu 2 286.177 260.197V 244178 203.126 202.131

- - 34 Lys 1 173.093 147.113 131.094 75.031 74.036

- Related immonium ions:
- 87.055[N] 74.060[T] 60.044[S] 102.055[E] 101.071[Q] 70.065[P] 30.034[G]
- 44.049[A] 72.081[V] 104.053[M] 86.096[I] 86.096[L] 136.076[Y] 120.081[F]
-101.107[K] 110.071[H] 159.092[W] 129.113[R]
N-terminal: Hydrogen C-terminal: Free acid
Sorted mass list: .
Mass Type 1166.655 v' 10 -1941.036 w' 17 -2764.401 w' 23 -3550.768 w' 30
30.034 a 1 + 1186.561 a 11 -1955.052 z' 17 -2781.325 b 24 -3551.763 v' 30
58.029 b 1 1214.555 b 11 -1971.071 y' 17 -2792.433 z' 23 -3568.705 b 30
117.066 a 2 +1225.664 z' 10 -1997.050 x 17 -2808.451 y' 23 -3608.773 z' 30
145.061 b 2 +1241.682 y' 10 -2023.941 a 17 -2834.431 x 23 -3624.792 y' 30
214.119 a 3 +1267.662 x 10 -2026.089 w' 18 © -2864.465 v' 24 -3637.762 a 31
242.114 b 3 +1296.701 w' 11 -2027.084 v' 18 -2877.486 w' 24 -3650.772 x 30
370.220 a 4 +1297.696 v' 11 -2051.936 b 17 -2884.370 a 25 -3679.810 w' 31
398.215 b 4 +4+1299.645 a 12 -2118.115 z' 18 -2893.480 z' 24 -3680.805 v' 31
495.305 z' 5 +1312.696 z' 11 -2123.010 a 18 -2909.499 y' 24 -3764.874 z' 31
499.263 a 5 +1327.639 b 12 -2134.134 y' 18 -2912.365 b 25 -3780.893 y' 31
511.324 y' 5 +1328.714 y' 11 -2151.005 b 18 -2935.479 x 24 -3806.873 x 31
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.258

2964.

172

400

527 b 5 +1354.694 x 11 2160.114 x 18 518 w' 25 -3861.927 z' 32
537.304 x 5 +1383.733 w' 12 -2189.152 w' 19 2965.513 v' 25 -3877.946 y' 32
566.342 w' 6 +1384.728 v' 12 2190.147 v' 19 -3007.523 z' 25 -3903.925  x 32
567.337 v' 6 +1436.703 a 13 2279.111 a 19 3023.542 y' 25 -3932.964 w' 33
681.384 z' 6 +1464.698 b 13 2281.178 z' 19 -3040.471 a 26 -3933.959 v' 33
. 685.342 a 6 +1468.797 z' 12 2297.197 y' 19 -3049.522 x 25 -3948.959  z' 33
697.403 y' 6 +1484.815 y' 12 2307.106 b 19 -3068.466 b 26 -3964.978 y' 33
713.337 b 6 +1510.795 x 12 2323.177  x 19 -3078.560 z' 26 -3990.957 x 33
723.383 x 6 +1539.834 w' 13 2336.132 a 20 -3079.556 v' 26 -

752.422  w' 7 +1540.829 v' 13 2352.216 w' 20 -3094.579 y' 26

753.417 v' 7 +1550.746 a 14 -2353.211 v' 20 -3120.559  x 26 -

810.427 z' 7 +1555.829 z' 13 -2364.127 b 20 -3149.598 w' 27 -438.284 z' 4 +
813.401 a 7' +1571.847 y' 13 2423.165 a 21 3150.593 v' 27 -3734.815  a 32 -
826.446 y' 7 +1578.741 b 14 -2428.247 z' 20 -3165.593 z' 27 -3762.810 b 32 -
841.396 b 7 +1597.827 x 13 2444.266 y' 20 -3168.566 a 27 383.229  x 3 +
852.426  x 7 +1626.866 w' 14 2451.159 b 21 -3181.611 y' 27 -357.250 y' 3 +
881.464 w' 8 +1627.861 v' 14 -2470.245 x 20 3196.561 b 27 -341.231 z' 3 +
882.459 v' 8 +1642.861 z' 14 2499.284 w' 21 -3207.591 x 27 3847.899  a 33
900.433 a 8 +1658.880 y' 14 2500.279 v' 21 3236.630 w' 28 -3875.894 b 33 -
928.428 b 8 +1684.859 x 14 2510.197 a 22 -3237.625 v' 28 286.177 x 2 +
938.522 z' -8 +1697.815 a 15 2538.191 b 22 3293.651 z' 28 -260.197 y' 2 +
954.541 y' 8 +1699.882 z' 15 2542.290 z' 21 -3297.609 a 28 244.178 z' 2 +
971.470 a 9 +1715.901 y' 15 2558.309 y' 21 -3309.670 y' 28 -203.126 v' 2 +
980.521 x 8 +1725.810 b 15 2584.288 x 21 3325.604 b 28 202.131 w' 2 +
999.465 b 9 +1741.881 x 15 2613.327 w' 22 -3335.650 x 28 -173.093  x 1 +
1009.559 w' 9 -1770.919 w' 16 -2614.322 v' 22 -3364.688 w' 29 -147.113 y' 1 +
1010.554 v' 9 -1771.915 v' 16 -2666.298 a 23 3365.683 v' 29 -131.094 z' 1 +
1085.513  a 10 -1855.983 z' 16 2679.349 z' 22 3479.730 z' 29 -75.031 v’ +
1094.623 z' 9 -1860.878 a 16 2694.293 b 23 -3483.688 a 29 +

1110.642 y' 9 -1872.002 y' 16 -2695.367 y' 22 -3495.749 y' 29 +

1113.508 b 10 -1888.873 b 16 2721.347 x 22 3511.683 b 29 +

1136.622 x 9 -1897.982 x 16 2751.381 v' 23 -3521.729  x 29 +

1165.660 w' 10 -1928.016 v' 17 -2753.330 a 24 -3540.710 a 30 +

|n(e{|£i- +MS2(671.1726), 25.1eV, 5.7min #329|

x104

421.2011
1.5
464.7171 . 500.2353
491.2301
1.04
365.6851
455.7119
343.1746
412.6897
0.5+
242.1865 98,6909
357.1729
i mLkh.hmulﬂ$judﬂk MLLL, L .A.L..I | i
200 250 300 350 450 500 miz
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lme[r';zi +MS2(671.1726), 25.1eV, 5.7min #329]
x104 &+
647.3300
25
2.0
154
607.7807

5+
1ol 637.3284
620.1233
2 557.2565
540.0799
i 582.9069 6593375
5452673 5626870
527.2569
00 ‘ L i l ol | ”1 A | ) .
500 520 540 580 600 660 miz
Inla[r;zi - +MS2(671.1726), 25.1eV, 5.7min #329)
5+ )
xtot 776.3877
4
756.8911
64
2
796.4082
4
703.1190  728.3803
8413933 3
828.6730 999.4636
899.4599 928.4269
; 8594041 946.4360
i b bl IKL.JI " 'S [ " . Jl_ F {L
750 800 850 900 950 1000 miz
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1PRB: H,N-LKNAKEDAIAELKKAGITSDFYFNAINKAKTVEEVNALKNEILKAHA-COOH
ESI-MS: calculated monoisotopic [M+H]" = 5171.810
observed monoisotopic [M+H]"=5171.829

(*ESI-MS/MS was used to obtain fragment ionized peptides and the measured the mass
differences between the resulting fragment ions in MS/MS graphs were used to determine the

amino acid sequence.)

UPLC: HoO/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130A 1.7 pm, 2.1 x 150mm) column.

Purity > 99.0 %

—— SampleName: pep66




MS-MS fragmentation of peptide: LKNAKEDAIAELKKAGITSDFYFNAINKAKTVEEVNALKNEILKAHA
Elemental composition: C232 H380 N62 071

Mass: [Mo.] 5171.810 Da.(MH+) 2586.409 Da.(M2H+) 1724.608 Da.(M3H+)

[Mass file: AA_MASS.MSS]

a

86.097
214.192
328.235
399.272
527.367
656.410
771.436
842.474
955.558./

1026.595
1165.637
1268.721
1396.816
1524.911
1595.948
1652.970
1766.054
1867.102
1954.134
2069.161
2216.229/
2379.292/
2526.361
2640.404
2711.441
2824.525
2938.568
3066.663
3137.700
3265.795
3366.843
3465.911
3504.954
3723.996
3823.065
3937.108
4008.145
4121.229
4249324
4363.367
4492.409
4605.493
4718.577
4846.672
4917.709
5054.768

b Res:
114.092  1Leud?
242,187V 2 Llys 46
356.230v 3 Asn 45
427.267 4 Ala 44
555.362 5Lys 43
684.404  6Glu42
799.431 7 Asp 41
870.469+ 8 Ala 40
983.553/  9lle 39

1054.590 v/ 10 Ala 38
1183.632v 11 Glu 37
1296.716~ 12 Leu 36
1424811+ 13 Lys 35
1552.906 14 Lys 34
1623.943 15 Ala 33
1680.965 16 Gly 32
1794.049 17 lle 31
1895.097 18 Thr 30
1982.129 19 Ser 29
2097.156” 20 Asp 28
2244.2247 21 Phe 27
2407.287v" 22 Tyr 26
2554356/ 23 Phe 25
2668.399 24 Asn 24
2739436 25 Ala23
2852.520  26lle 22
2066.563 27 Asn 21
3004.658 28 Lys 20
3165.695 29 Ala 19
3293790 30 Lys 18
3394.837 31 Thr17
3493.906 32Val 16
3622.948 33Glu15
3751.991 34 Glu 14
3851.059  35Val 13
3965.102 36 Asn 12
4036.140 37 Ala 11
4149224  38Leu 10
4277.319  39Lys 9
4391.361 40 Asn 8
4520404 41Glu 7
4633.488 421lle 6
4746572 43 Lleu 5
4874.667 44 Llys 4
4945704  45Ala 3
5082763 46 His 2

- 47 Ala 1

- Related immonium ions:

- 88.039[D] 87.055[N] 74.060[T] 60.044[S] 102.055[E] 30.034[G] 44.049[A]
- 72.081[V] 86.096[I] 86.096[L] 136.076[Y] 120.081[F] 101.107[K] 110.071[H]

N-terminal: Hydrogen

X

5084.706
4956.611
4842.568
4771.531
4643.436
4514.394
4399.367
4328.329
4215.245
4144.208
4015.166
3902.082
3773.987
3645.892
3574.855
3517.833
3404.749
3303.701
3216.669
3101.642
2964.574
2791.511
2644.442
2530.399
2459.362
2346.278
2232.235
2104.140
2033.103
1905.008
1803.960
1704.892
1575.849
1446.807
1347.738
1233.696
1162.658
1049.574

921.479

807.436

678.394

565.310

452.226

324.131

253.004

116.035

C-terminal: Free acid

y

5058.726
4930.631
4816.588
4745551
4617.456
4488.414
4373.387
4302.350
4189.266
4118.228
3989.186
3876.102
3748.007
3619.912
3548.875
3491.853
3378.769
3277.722/
3190.690
3075.663/
2928.594 v
2765.531v/
2618.462 v
2504.420 v/
2433.382/
2320.2987/
2206.255 -
2078.160
2007.123
1879.028 /
1777.981
1678.912V
1549.870
1420.827
1321.759v
1207.716
1136.679
1023.595 7
895.500
781.457
652.414
539,330
426246 V
208.151 v/
227114 /
90.055

z

5042.708
4914.613
4800.570
4729.833
4601.438
4472.395
4357.368
4286.331
4173.247
4102.210
3973.167
3860.083
3731.988
3603.893
3532.856
3475.835
3362.751
3261.703
3174.671
3059.644
2912.575
2749.512
2602.444
2488.401
2417.364
2304.280
2190.237
2062.142
1991.105
1863.010
1761.962
1662.894
1533.851
1404.808
1305.740
1191.697
1120.660
1007.576
879.481
765.438
636.395
523.311
410.227
282.132
211.095
74.036

v

4986.645
4872.602
4801.565
4673.470
4544.427
4429.400
4358.363
4245.279
4174.242
4045.200
3932.115
3804.020
3675.926
3604.888

3434.783
3333.735
3246.703
3131.676
2984.608
2821.544
2674.476
2560.433
2489.396
2376.312
2262.269
2134174
2063.137
1935.042
1833.994
1734.926
1605.883
1476.841
1377.772
1263.729
1192.692
1079.608
951.513
837.470
708.428
595.344
482.260
354.165
283.128
146.069
75.031

w

4985.650
4871.607

4672.475
4543.,432
4428.405

4258.300

4044.204
3931.120
3803.025
3674.930

3447.803
3346.756
3245.708
3130.681
2983.613
2820.549
2673.481
2559.438

2389.332
2261.274
2133.179

1934.047
1847.015
1747.946
1604.888
1475.845
1390.793
1262.734

1078.613
950.518
836.475
707.432
608.364
481.264
353.169

145.073

176
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Sorted mass list:

Mass Type 2379.292 a 22 -3434.783 v' 31 -4842.568 x 44 -1078.613 w' 10
86.097 a 1 + 2389.332 w' 22 -3447.803 w' 31 -4871.607 ' 45 -4249.324 a 39
114.092 b 1 +2407.287 b 22 -3475.835 z' 31 -4872.602 v' 45 -4277.319 b 39
214.192 a 2 +2417.364 z' 22 -3491.853 y' 31 -4914.613 z' 45 -1049.574 x 9
242.187 b 2 +2433.382 y' 22 -3517.833 x 31 -4930.631 y' 45 -1023.595 y' 9
328.235 a 3 +2459.362 X 22 -3532.856 z' 32 -4956.611 x 45 -1007.576 z' 9 -
356.230 b 3 +2488.401 z' 23 -3548.875 y' 32 -4985.650 w' 46 -951.513 v' 9 o+
399.272 a 4 +2489.396 v' 23 -3574.855 x 32 -4986.645 v' 46 -950.518 w' 9 +
427.267 b 4 +2504.420 y' 23 -3603.893 z' 33 -5042.708 z' 46 -4363.367 a 40 -
527.367 a 5 +2526.361 a 23 -3604.888 v' 33 -5058.726 y' 46 -4391.361 b 40 -
555.362 b 5 +2530.399 x 23 -3619.912 y' 33 -5084.706 x 46 -921.479 X 8 +
656.410 a 6 +2554.356 b 23" -3645.892 x 33 = 895.500 y' 8 +
684.404 b 6 +2559.438 w' 24 -3674.930 w' 34 - 879.481 z' 8 +
771.436 a 7 +2560.433 v' 24 -3675.926 v' 34 - 837.470 v' 8 +
799.431 b 7 +2602.444 z' 24 -3731.988 z' 34 -1833.994 v' 17 836,475 w! 8 +
842.474 a 8 +2618.462 y' 24 -3748.007 y' 34 -1847.015 w' 17 -4492.409 a 41 -
870.469 b 8 +2640.404 a 24 -3773.987 % 34 -3465.911 a 32 -4520.404 b 41 -
955.558 a 9 +2644.442 x 24 -3803.025 w' 35 -3493.906 b 32 -807.436 x 7 +-
983.553 b 9 +2668.399 b 24 -3804.020 v' 35 -1803.960 x 16 +781.457 y' 7+
1026.595 a 10 -2673.481 w' 25 -3860.083 z' 35 -1777.981 y' 16 -765.438 z' 7+
1054.590 b 10 -2674.476 v' 25 -3876.102 y' 35 -1761.962 z'.16 -708.428 v' 7 o+
1155.637 a 11 -2711.441 a 25 -3902.082 x 35 -1734.926 v' 16 -707.432 w' 7+
1183.632 b 11 -2735.436 b 25 -3931.120 w' 36 -1747.946 w' 16 -4605.493 a 42 -
1268.721 a 12 -2749.512 z' 25 -3932.115 v' 36 -3594.954 a 33 -4633.488 b 42 -
1296.716 b 12 2765.531 y' 25 -3973.167 z' 36 -3622.948 b 33 -678.394 x 6 +
1396.816 a 13 -2791.511 x 25 -3989.186 y' 36 -1704.892 x 15 -652.414 y' 6 +
1424.811 b 13 -2820.549 w' 26 -4015.166 x 36 -1678.912 y' 15 -636.395 z' 6 +
1524.911 a 14 -2821.544 v' 26 -4044.204 w' 37 -1662.894 z' 15 -595.344 vl 6 +
1552.906 b 14 -2824.525 a 26 -4045.200 v' 37 -1605.883 v' 15 -608.364 w' 6 4+
1595.948 a 15 -2852.520 b 26 -4102.210 z' 37 -1604.888 w' 15 -4718.577 a 43 -
1623.943 b 15 -2912.575 z' 26 -4118.228 y' 37 -3723.996 a 34 -4746.572 b 43 -
1652.970 a 16 -2928.594 y' 26 -4144.208 x 37 -3751.991 b 34 -565.310 X 5 +
1680.965 b 16 -2938.568 a 27 -4173.247 z' 38 -1575.849 x 14 -539.330 y' 5 +
1766.054 a 17 -2954.574 X 26 -4174.242 v' 38 -1549.870 y' 14 -523.311 z' 5 +
1794.049 b 17 2966.563 b 27 -4189.266 y' 38 -1533.851 z' 14 -482.260 v' 5 +
1867.102 a 18 -2983.613 w' 27 -4215.245 x 38 -1476.841 v' 14 -481.264 w' 5 +
1895.097 b 18 -2984.608 v' 27 -4245.279 v' 39 -1475.845 w' 14 -4846.672 a 44 -
1934.047 w' 18 -3059.644 z' 27 -4258.300 w' 39 -3823.065 a 35 -4874.667 b 44 -
1935.042 v' 18 -3066.663 a 28 -4286.331 z' 39 -3851.059 b 35 -452.226 x 4 +
1954.134 a 19 -3075.663 y' 27 -4302.350 y' 39 -1446.807 x 13 -426.246 y' 4 0+
1982.129 b 19 -3094.658 b 28 -4328.329 % 39 1420.827 y' 13 -410.227 z' 4 4+
1991.105 z' 18 -3101.642 x 27 -4357.368 z' 40 -1404.808 z' 13 -354.165 vl 4 4+
2007.123 y' 18 -3130.681 w' 28 -4358.363 v' 40 -1377.772 v' 13 -353.169 w' 4 +
2033.103 x 18 3131.676 v' 28 -4373.387 y' 40 -1390.793 w' 13 -4917.709 a 45 -
2062.142 z' 19 -3137.700 a 29 -4399.367 x 40 -3937.108 a 36 -4945.704 b 45 -
2063.137 v' 19 -3165.695 b 29 -4428.405 w' 41 -3965.102 b 36 -324.131 x 3 +
2069.161 a 20 -3174.671 z' 28 -4429.400 v' 41 -1347.738 x 12 -298.151 y' 3 +
2078.160 y' 19 -3190.690 y' 28 -4472.395 z' 41 -1321.759 y' 12 -282.132 z' 3 4+
2097.156 b 20 -3216.669 x 28 -4488.414 y' 41 -1305.740 z' 12 -283.128 vl 3 +
2104.140 x 19 -3245.708 w' 29 -4514.394 x 41 -1263.729 v' 12 -5054.768 a 46 -
2133.179 w' 20 -3246.703 v' 29 -4543.432 w' 42 -1262.734 w' 12 -5082.763 b 46 -
2134.174 v'-20 -3261.703 z' 29 -4544.427 v' 42 -4008.145 a 37 -253.094 x 2 +
2190.237 z' 20 -3265.795 a 30 -4601.438 z' 42 -4036.140 b 37 -227.114 y' o2 0+
2206.255 y' 20 -3277.722 y' 29 -4617.456 y' 42 -1233.696 x 11 -211.095 z' 2 +
2216.229 a 21 -3293.790 b 30 -4643.436 x 42 -1207.716 y' 11 -146.069 v 2 o+
2232.235 x 20 -3303.701 x 29 -4672.475 w' 43 -1191.697 z' 11 -145.073 w' 2 +
2244.224 b 21 -3333.735 v' 30 -4673.470 v' 43 -1192.692 v' 11 -116.035 x 1 +
2261.274 w' 21 -3346.756 w' 30 -4729.533 z' 43 -4121.229 a 38 -90.055 y' o1 0+
2262.269 v' 21 -3362.751 z' 30 -4745.551 y' 43 -4149.224 b 38 -74.036 z' 1+
2304.280 z' 21 -3366.843 a 31 -4771.531 x 43 -1162.658 x 10 + '
2320.298 y' 21 -3378.769 y' 30 -4800.570 z' 44 -1136.679 y' 10 +

2346.278 x 21 -3394.837 b 31 -4801.565 v' 44 -1120.660 z' 10 +

2376.312 v' 22 -3404.749 %z 30 -4816.588 y' 44 -1079.608 v' 10 +
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Inle[l'\“/si . +MS2(647.3607), 24.4eV, 7.3-7.5min #418-430
o]
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.0
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IPRB _rev: H,N-AHAKLIENKLANVEEVTKAKNIANFYFDSTIGAKKLEAIADEKANKL-COOH
ESI-MS: calculated monoisotopic [M+5H]>" = 1035.1648
observed monoisotopic [M+5H]>" = 1035.5680

(*ESI-MS/MS was used to obtain fragment ionized peptides and the measured the mass
differences between the resulting fragment ions in MS/MS graphs were used to determine the
amino acid sequence.)

UPLC: HoO/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130A 1.7 um, 2.1 x 150mm) column.

Purity > 99.0 %

Intens. +MS, 0.6-1.4min #37-83
x108
1.2 5+
1035.5680
08

06{

0.4

0.2 % +
+ 1002.9551
975.5357 1012.7588 1058.5752
9855389 & &, . 10755869 11035976

960 980 1000 1020 1040 1080 1080 1100 miz

0.0-
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MS-MS fragmentation of peptide: AHAKLIENKLANVEEVTKAKNIANFYFDSTIGAKKLEAIADEKANKL
Elemental composition: C232 H380 N62 O71

Mass: [Mo.] 5171.810 Da.(MH+) 2586.409 Da.(M2H+) 1724.608 Da.(M3H+) [Mass file: AA_MASS.MSS]
a b Res: X y' z' v’ w'
44.050 72.045 1 Ala 47

181100 209104  2His46 5126753 5100773 5084754 5019728  5018.733
252146 280141  3Alad5  4989.694 4963714  4947.696 4948691 -
380241 408236  4lys44  4918.657 4892677 4876658  4820.506  4819.601
493325 521320  5leudd  4790.562 4764582 4748564 4707512  4706.517
606.409 634404  6lle42  4677.478 4651498 4635479 4594428  4607.448
735.452 7Gludl  4564.394 4538414 4522395 4465385  4464.390
849495  877.490 « 8Asn40 4435351 4409372  4393.353 4351342  4350.347
977590 1005585, Olys39 4321308 4295329  4279.310 4223247 4222252
1090674 1118669 10Lleu38 4193213 4167234 4151215 4110163  4109.168
1161711 1189706  11Ala37  4080.129  4054.150  4038.131  4039.126 -
1275754 1303749 12Asn36  4009.092 3983112  3967.094 3925083  3924.088
1374.822 1402817 13Val35 3895049  3869.070 3853051  3826.015  3839.035
1503.865 1531.860 14 Glu34 3795981  3770.001  3753.982  3696.972  3695.977
1632.907 1660.902 15Glu33  3666.938 3640958 3624940  3567.930  3566.934
1731976 1759971 16Val32  3537.896  3511.916 3495897  3468.861  3481.882
1833.023  1861.018 17Thr31  3438.827 3412.847 3396.820  3367.813  3380.834
1961118 1989113 18Llys30  3337.780  3311.800 3295781  3230.718  3238.723
2032156 2060150 19Ala29 3209685 3183705 3167686 3168681 -
2160250 2188245 20Llys28 3138648 3112.668 3096649  3040.586  3039.501
2274293 2302288 21Asn27  3010.553 2984573 2968554  2026.543 2925548
2387.377 2416372  221le26  2896.510 2870.530 2854511 2813450  2826.480
2458415 2486409 23Ala25 2783426  2757.446 2741427 2742422 -
2572.458 2600452 24 Asn24  2712.388 2686409  2670.390  2628.379  2627.384
2719526  2747.521 25Phe23  2598.346  2572.366  2556.347  2481.311  2480.316
2882.589  2910.584 26Tyr22  2451.277 2425207 2409279 2318248  2317.252
3020658  3057.653 27Phe21 2288214 2262234 2246215 2171179  2170.184
3144685 3172680 28Asp20 2141.145 2115166  2099.147  2086.152 2055157
3231.717 3259712 29Ser19 2026118 2000139 1984120  1969.120  1968.125
3332764 3360759 30 Thr18  1939.086  1913.107 ~ 1897.088  1868.073  1881.093
3445848 3473843  31lle17  1838.039  1812.059 1796.040 1754989  1768.009
. 3502.870  3530.865 32Gly16  1724.955 1698.975- 1682956 -
3573907 3601902 33Ala15  1667.933  1641.953= 1625935  1626.930 -
3702.002 3729997 34Llys14 1596896  1570.916- 1554.898  1498.835  1497.840
3830.097 3858.092 35Lys13  1468.801  1442.821— 1426.803  1370.740  1369.745
3043.181 3971176 36leul2 1340706 1314726 1298708  1257.656  1256.661
4072224 4100218 37Glu11  1227.622 1201642 1185624 1128613  1127.618
4143261 4171256 38Ala10 1098580 1072600  1056.581  1057.576 -
1027.542 1001563 985544 ~ 944492 957513

4256.345  4284.340 391lle 9
4327.382  4355.377 40 Ala 8 914.458 888.479 872.460 873.455 -
4442 409  4470.404 41 Asp 7 843.421 817.441 801.423 758.428 757.433
4571.451 4599.446 42 Glu 6 728.394 702.414V  686.396 629.386 628.390
4699.546 4727.541 43 Lys 5 599.352 573.372 /, 557.353 501.291 500.295
4770.583 4798.578 44 Ala 4 471.257 445277 v 429.258 430.253 =
4884.626 4912.621 45 Asn 3 400.220 374.240 368.221 316.211 315.215
5012.721 5040.716 46 Lys 2 286.177 260.197 /244178 188.116 187.120
- - 47 Leu 1 158.082 132.102 116.083 75.031 74.036

- lon charge state: 2

22.529 36.526 1 Ala 47 - - - -

91.058 105.056 2 His46  2563.880 2550.890  2542.881 2510.368 2509.870
126.577 140.574 3 Ala 45 2495.351 2482.361 2474.351 2474.849 -
190.624 204.622 41lys44  2459.832  2446.842  2438.833 2410.802 2410.304
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247.166
303.708
368.230
425.251
489.298
545.840
581.359
638.381
687.915
752.436
816.957
866.492
917.015
981.063
1016.581
1080.629
1137.650
1194.192
1229.711
1286.732
1360.267
1441.798
1515.332
1572.846
1616.362
1666.886
1723.428
1751.939
1787.457
1851.505
1915.552
1972.094
2036.615
2072.134
2128.676
2164.195
2221.708
2286.229
2350.277
2385.795
2442817
2506.864

261.164
317.706
382.227
439.248

+503.296 )

559.838
595.356
652.378
701.912
766.433,
830.955
880.489
931.013
995.060
1030.579
1094.626
1151.648
1208.190
1243.708
1300.730
1374.264
1455.796
1629.330
1586.843
1630.359
1680.883
1737.425
1765.936
1801.455
1865.502
1929.550
1986.092
2050.613
2086.131
2142.673
2178.192
2235.705
2300.227
2364.274
2399.793
2456.814
2520.862

- lon charge state: 3

15.355

61.041

84.720
127.419
165.113
202.808
245.822
283.836
326.535
364.229
387.908
425.923
458.946
501.960
544.974
577.997
611.679

24.686

70.373

94.052
136.750
174.445
212.140
255.154
293.168
335.866
373.561
397.240
435.254
468.277
511.291
554.306
587.328
621.011

5 Leu 43
6 lle 42

7 Glu 41
8 Asn 40
9 Lys 39
10 Leu 38
11 Ala 37
12 Asn 36
13 Val 35
14 Glu 34
15 Glu 33
16 Val 32
17 Thr 31
18 Lys 30
19 Ala 29
20 Lys 28
21 Asn 27
22 lle 26
23 Ala 25
24 Asn 24
25 Phe 23
26 Tyr 22
27 Phe 21
28 Asp 20
29 Ser 19
30 Thr 18
31 lle 17
32 Gly 16
33 Ala 15
34 Lys 14
35 Lys 13
36 Leu 12
37 Glu 11
38 Ala 10

39 lle
40 Ala
41 Asp
42 Glu
43 Lys
44 Ala
45 Asn
46 Lys
47 Leu

9

8
7
6
5
4
3
2
1

1 Ala 47
2 His 46
3Ala4s
4 Lys 44
5leu 43
6 lle 42

7 Glu 41
8 Asn 40
9 Lys 39
10 Leu 38
11 Ala 37
12 Asn 36
13 Val 35
14 Glu 34
15 Glu 33
16 Val 32
17 Thr 31

2395.785
2339.243
2282.701
2218.179
2161.158
2097.110
2040.568
2005.050
1948.028
1898.494
1833.973
1769.451
1719.917
1669.393
1605.346
1569.827
1505.780
1448.758
1392.216
1356.698
1299.676
1226.142
1144.611
1071.076
1013.563
970.047
919.5623
862.981
834.470
798.952
734.904
670.857
614.315
549.793
514.275
457.733
422214
364.701
300.179
236.132
200.613
143.592
79.544

1709.589
1663.903
1640.224
1597.626
1659.831
1522.136
1479.122
1441.108
1398.409
1360.715
1337.036
1299.021
1265.998
1222.984
1179.970
1146.947

2382.795
2326.253
2269.711
2205.189
2148.168
2084.120
2027.578
1992.060
1935.038
1885.504
1820.983
1756.462
1706.927
1656.404
1592.356
1556.838
1492.790
1435.769
1379.227
1343.708
1286.687
1213.152
1131621
1058.086
1000.573

957.057

601.325
536.803
501.285
444743
409.224

7351.711)

287.190
223.142
187.624
130.602

66.555

1700.929
1655.243
1631.564
1588.866
1551.171
1513.476
1470.462
1432.448
1389.749
1352.055
1328.376
1290.361
1257.339
1214.324
1171.310
1138.287
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2374.785
2318.243
2261.701
2197.180
2140.159
2076.111
2019.569
1984.050
1927.029
1877.495
1812.974
1748.452
1698.918
1648.394
1584.347
1548.828
1484.781
1427.759
1371.217
1335.699
1278.677
1205.143
1123.611
1050.077
992.564
949.048
898.524
841.982
813.471
777.952
713.905
649.857
593.315
528.794
493.276
436.734
401.215
343.702
279.180
215.133
179.614
122.593
58.545

1695.590
1649.903
1626.224
1583.526
1545.831
1508.137
1465.122
1427.108
1384.410
1346.715
1323.036
1285.022
1251.999
1208.985
1165.971
1132.948

2354.260
2297.718
2233.196
2176.175
2112.127
2055.585
2020.067
1963.045
1913.511
1848.990
1784.468
1734.934
1684.410
1620.363
1584.844
1520.797
1463.775
1407.233
1371.715
1314.693
1241.159
1169.627
1086.093
1028.580

985.064

934.540

877.998

813.969
749.921
685.874
629.332
564.810
529.292
472.750
437.231
379.718
315.196
251.149
215.630
158.609

94.561

38.019

1673.914
1650.235
1607.537
1569.842
1632.147
1489.133
1451.119
1408.421
1370.726
1347.047
1300.033
1276:010
1232.996
1189.981
1156.959
1123.276

2353.762
2304.228
2232.699
2175.677
2111.630
2055.088

1962.548
1920.021
1848.492
1783.971
1741.444
1690.921
1619.865

1520.299
1463.278
1413.744

1314.196
1240.661
1169.130
1085.596
1028.082
984.566
941.050
884.508

749.423
685.376
628.834
564.313

479.260

379.220
314.699
250.651

158.111
94.064
37.522

1673.582

1607.205
1569.510
1536.488
1488.801
1450.787
1408.089
1370.394

1308.701
1280.350
1232.664
1189.650
1161.299
1127.616
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654.378
678.057
720.755
768.769
796.464
820.143
858.157
907.180
961.535
1010.557
1048.900
1077.910
1111.593
1149.288
1168.295
1191.974
1234.672
1277.370
1315.065
1358.079
1381.758
1419.453
1443.132
1481.474
1524.489
1567.187
1590.866
1628.880
1671.579

663.709
687.388
730.087
768.101
805.796
829.475
867.489
916.512
970.866
1019.889
1058.231
1087.242
1120.925
1168.619
1177.626
1201.305
1244.004
1286.702
1324.397
1367.411
1391.090
1428.785
1452.464
1490.806
1533.820
1576.519
1600.198
1638.212
1680.910

- lon charge state: 4

11.768

46.033

63.792

95.816
124.087
152.358
184.618
213.129
245.1563
273.424
291.183
319.694
344.461
376.722
408.982
433.749
459.011
491.035
508.794
540.818
569.329
597.600
615.359
643.870
680.637
721.403
758170
786.927
808.685
833.947

18.767

53.031

70.791
102.814
131.085
159.356
191.617
220.128
252.152
280.423
298.182
326.693
351.46Q
383.720
415.981
440.748
466.010
498.034
515.793
547.817
576.328
604.599
622.358
650.869
687.636
728.401
765.169
793.925
816.683
840.945

18 Lys 30
19 Ala 29
20 Lys 28
21 Asn 27

22 lle 26
23 Ala 25
24 Asn 24
25 Phe 23
26 Tyr 22
27 Phe 21
28 Asp 20
29 Ser 19
30 Thr18

31lle17
32 Gly 16
33 Ala 15
34 Lys 14
35Lys 13
36 Leu 12
37 Glu 11
38 Ala 10

39 lle
40 Ala
41 Asp
42 Glu
43 Lys
44 Ala
45 Asn
46 Lys
47 Leu

9
8

7
6
5
4
3
2
1

1 Ala 47

2 His 46
3 Ala45
4 Lys 44
5Leu43
6 lle 42

7 Glu 41
8 Asn 40
9 Lys 39
10 Leu 38
11 Ala 37
12 Asn 36
13 Val 35
14 Glu 34
15 Glu 33
16 Val 32
17 Thr 31
18 Lys 30
19 Ala 29
20 Lys 28
21 Asn 27
22 lle 26
23 Ala 25
24 Ash 24
25 Phe 23
26 Tyr 22
27 Phe 21
28 Asp 20
29 Ser 19
30Thr18

1113.265
1070.566
1046.887
1004.189
966.175
928.480
904.801
866.787
817.764
763.409
714.387
676.044
647.034
613.351
575.656
556.649
532.970
490.272
447.574
409.879
366.865
343.186
305.491
281.812
243.470
200.455
157.757
134.078
96.064
53.365

1282.444
1248.179
1230.420
1198.396
1170.125
1141.854
1109.593
1081.083
1049.059
1020.788
1003.029
974.518
949.751
917.490
885.229
860.462
835.200
803.177
785.417
753.394
724.883
696.612
678.853
650.342
613.575
572.809
536.042
507.285
485.527

1104.605
1061.906
1038.227
995.529
957.515
919.820
896.141
858.127
809.104
754.750
705.727
667.384
638.374
604.691
566.996
47.98
524.310
481.612
438.914
401.219
358.205
334.526
296.831
273.152
234.810
191.795
149.097
125.418
87.404
44.705

1275.949
1241.684
1223.925
1191.901
1163.630
1135.359
1103.098
1074.588
1042.564
1014.293
996.534
968.023
943.256
910.995
878.734
853.967
828.705
796.682
778.922
746.899
718.388
690.117
672.358
643.847
607.080
566.314
529.547
500.790
479.032
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1099.265
1056.567
1032.888
990.190
952.175
914.481
890.801
852.787
803.764
749.410
700.387
662.045
633.034
599.352
561.657
542.650
518.971
476.272
433.574
395.879
352.865
329.186
291.491
267.812
229.470
186.456
143.758
120.079
82.064
39.366

1271.944
1237.679
1219.920
1187.896
1169.625
1131.354
1099.094
1070.583
1038.559
1010.288
992.529
964.018
939.251
906.990
874.730
849.963
824.701
792.677
774.918
742.894
714.383
686.112
668.353
639.842
603.075
562.309
525.542
496.785
475.027

1080.578
1056.899
1014.200
976.186
938.491
914.812
876.798
827.775
773.421
724.398
686.056
657.045
623.362
585.668

542.981
500.283
457.585
419.890
376.876
353.197
315.502
291.823
253.481
210.467
167.768
144.089
106.075

63.377

25.682

1255.687
1237.928
1205.904
1177.633
1149.362
1117.102
1088.591
1056.567
1028.296
1010.537
982.026
957.259
924.998
892.738
867.971
842.709
810.685
792.926
760.902
732.391
704.120
686.361
657.850
621.083
580.317
543.550
514.794
493.036
467.774

1080.246

1013.869
975.854
942.831

876.466
827.443
773.089
724.066
685.724
656.713
627.703
590.008

499.951
457.253
419.558
376.544

319.842

253.149
210.135
167.437

105.743
63.045
25.350

1255.439
1205.656
1177.385
1162.617
1116.853
1088.342
1056.318
1028.047

981.777
960.514
924.750
892.489
871.226
845.964
810.436

760.653
732.143
707.375

657.601
620.834
580.069
543.301
514.545
492.787
471.029
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Chapter 5

Effects of D-amino acid replacements on the conformational stability of miniproteins

Portions of this work have been published for publication in: Effects of D-amino acid replacements
on the conformational stability of miniproteins Xu, R.*; Huang, J*; Kuhn, A. J.; Gellman, S.
ChemBioChem 2025, 26, €202500085. (*These authors contributed equally to this work. Huang,
J. was an undergraduate researcher under Xu, R.’s supervision.)

Most of the text and graphics are reprinted (adapted) with permission from {ChemBioChem 2025,
26, €202500085}.

Graphics were prepared using Microsoft PowerPoint, GraphPad Prism, and ChemDraw.
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5.1. Abstract

For many proteins, proper function requires adoption of a specific tertiary structure. This
study explores the effects of L-to-D amino acid substitutions on tertiary structure stability for two
well-known miniproteins, a single-site variant of the chicken villin headpiece subdomain (VHP)
and the human Pinl WW domain (WW). For VHP, which features an a-helix-rich tertiary structure,
substitutions led to significant destabilization, as detected by variable temperature circular
dichroism (CD) measurements. For WW, which has a B-sheet-rich tertiary structure, most single
L-to-D changes seemed to cause complete unfolding at room temperature, according to CD
measurements. We probed the effects of L-to-D amino acid substitutions on protein stability using
far-UV CD. Comparison of the a-helix-rich villin headpiece subdomain and the -sheet-rich WW
domain revealed that L-to-D substitutions generally destabilize proteins. These findings suggest
that amino acid residue configuration changes at a single site will often prove to be deleterious in

terms of tertiary structure stability, and in some cases dramatically destabilizing.
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5.2. Introduction

Proteins are responsible for a wide range of functions that are necessary for life; no other
class of biomolecules is so pervasive in terms of critical activities that include catalysis, energy
capture and utilization, signal transduction and transport. From a chemical perspective, it seems

remarkable that molecules constructed from only 20 different amino acid building blocks can
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display such a broad range of functions. The proteinogenic a-amino acids are defined not only by
their side chains, but also, except for glycine, by their absolute configuration. The natural
translational machinery strongly favors incorporation of L-a-amino acids into proteins. In contrast,
prokaryotic nonribosomal synthetases often incorporate D-o-amino acid residues into short
peptides.!? Ribosomally produced proteins isolated from natural sources can contain low levels of
D residues.> Some short, bioactive peptides of ribosomal origin contain D residues that are

apparently generated as a post-translational modification.* Configurational change at a single site

B) C) L-amino acid
Loop

can exert profound effects on the biological activity of a peptide hormone.’
R
/é‘ Helix 2 f\N/H(E
: g 1 H i
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VHP (1) H,N-LSDEDFKAVFGMTRSAFANLPLWKQOHLKKEKGLF-COOH
WW(2) H,N-KLPPGWEKRMSRSSGRVYYFNHITNASQWERPSG-COOH

Figure 5.1. A) Crystal structure of VHP (1YRF) with the positions of L-to-D substitution shown
in blue. B) Structure of WW (4GWT) with the positions of L-to-D substitution shown in blue. C)
Chemical structures of L-amino acid and D-amino acid. D) Sequences of VHP (1) and WW (2).
Incorporation of D-a-amino acid residues via chemical peptide synthesis is straightforward.
Peptides containing D residues have been developed as drugs and drug candidates,®’” and have

proven useful as research tools.®1° Inclusion of D residues in macrocyclic peptides can influence

conformation and promote membrane permeability.!""!* Because D residues suppress protease
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action at nearby positions'?, there is considerable interest in engineering translational machinery
to promote D residue incorporation.!'>!6

Protein function often depends upon conformation, but our understanding of the impact of
L-to-D changes on the folding behavior of linear polypeptides is limited. a-Helix stability is
generally diminished when an L residue is replaced by the corresponding D residue. For alanine,

this stereochemical change destabilizes the a-helix by ~1 kcal/mol'”!8;

however, energetic
consequences of a configuration change appear to vary depending on the side chain!'®!. Hecht et
al. used modified ribosomal machinery to interrogate single L-to-D variants of two enzymes, E.
coli dihydrofolate reductase (159 residues; three epimers examined) and firefly luciferase (550
residues; two epimers examined).['8! The resulting protein diastereomers were evaluated in terms
of specific catalytic activity, which provides a very sensitive measure of the polypeptide’s ability
to achieve a native-like tertiary structure. Even when the L-to-D modification was made at a
position known to be important in terms of catalytic function, substantial enzymatic activity was
retained (> 10% of native specific activity). These findings suggest that although L-to-D
modifications can be disruptive in terms of tertiary structure, the rest of the protein may be able to
adjust to compensate at least partially for the disruption in a sufficiently large protein.

Here, we investigate the effects of L-to-D modifications on the conformational stability of
two tertiary folding units that are small enough to be easily prepared via conventional solid-phase
peptide synthesis (SPPS). The villin headpiece subdomain, 35 residues, forms a tertiary structure
containing several a-helices?®?!; below, “VHP” refers to the sequence from chicken with a single
change (Asn27->His)?! (Figure 5.1A). The human Pinl WW domain (“WW” below), 34 residues,

forms a B-sheet-rich tertiary structure®? (Figure 5.1B). Neither of these “miniproteins” contains a

disulfide or requires metal ion coordination for folding. Thus, each is a good vehicle for
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determining how single L-to-D substitutions, implemented at multiple positions, influence tertiary

structure stability.

5.3. Results and Discussion
5.3.1. Evaluation of diastereomers of VHP.

High-resolution structures have been determined by x-ray crystallography or NMR for
VHP, the Pinl WW domain and sequence variants.?’*? In each case, the native structure is
associated with a distinctive circular dichroism (CD) signature.”*> For VHP, this signature has
minima near 208 and 222 nm, as expected given that many residues participate in o-helical
secondary structure. We used variable-temperature CD to evaluate the conformational stability of
VHP and a set of diastereomers.!**! We designed an initial set of ten D-amino acid containing
variants by systematically replacing the solvent-exposed L-amino acids on each of the three helices
and in the loop between helix 2 and helix 3. Six L-to-D replacements were made in helix 1, one
replacement in helix 2, two replacements in helix 3, and one replacement in the loop.

The protein concentration was set at 50 pM, and all CD measurements were conducted in
20 mM sodium acetate buffer, pH 5.0.2> Each of the 10 single L-to-D VHP variants examined
displayed a CD signature at room temperature that suggested a retention of a-helical secondary
structure (Figure 5.2). However, in every case, the extent of a-helicity was diminished relative to
VHP, with the Trp23 epimer most extreme. For variable-temperature measurements, we monitored
mean residue ellipticity (MRE) at 223 nm. Upon heating, the solution containing VHP itself
displays a sigmoidal thermal transition with a midpoint at 55.1 + 1.2 °C. This transition was
reversible, as indicated by the data collected as the sample was cooled (Figure 5.3). Solutions

containing most of the single L-to-D variants also displayed a sigmoidal change in MRE at 223



198

nm upon heating, but in some of these cases the transition was not fully reversible (Figure 5.3, 5.6-
5.15). These observations suggest that heating causes a portion of the protein to aggregate
irreversibly. Therefore, the midpoints of the heating transitions are interpreted as an apparent

melting temperature (Tm,app)-
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Figure 5.2. Far-UV CD for VHP and diastereomers containing a single L-to-D substitution.
Samples contained 50 uM polypeptide, 20 mM sodium acetate buffer, pH 5.0. Measurements at
25°C. A) Substitutions in helix 1, B) substitutions in helix 2 and loop, C) substitutions in helix 3.
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Figure 5.3. CD data obtained for increasing temperature (left) and decreasing temperature (right)
for VHP. Each data set was fit to a two-state folding model.
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Table 5.1. Apparent melting temperatures derived from CD for VHP analogues with single L-to-

D substitution.

Types  Variant Tm’app (°C) ATm,app (°C)
VHP 55.09 (£1.2) -

Helix  Ede 45.2 (£0.7) -9.9 (£1.9)
A8a 41.2 (£0.7) -13.9 (£1.9)

Helix  SI5s 50.2 (£0.7) -4.9 (£1.9)

Loop NI9 42.0 (£1.1) -13.1 (£2.3)

Helix W23w  Not determined -
K24k 26.6 (£1.2) -28.5(£2.4)
Q26q 48.1 (£1.5) -7.0 (£3.7)
H27h 53.9 (£2.8) -1.2 (+4.0)
K30k 50.4 (£0.8) -4.7 (£2.0)
E3le 46.8 (£0.9) -8.3 (£2.1)

Table 5.1 summarizes results for the 10 single L-to-D VHP variants we designed. The
measured parameter in the thermal denaturation assays is defined as Tmapp for apparent melting
temperature. L-to-D substitution at GIn26, His27, Lys30 or Glu31 in helix 1 resulted modest
destabilization relative to VHP, with His27 showing the smallest change (ATmapp = -1.2 °C) and
Lys24 the largest (ATm,app = -8.3 °C). The trend among the Helix 1 substitutions was generally
consistent with the trend reported for D-amino acid substitutions in an isolated a-helix!*, but the
large destabilization observed for the Lys24 epimer (ATm,app = -28.5 °C) deviated from this trend.
The large difference between substitution at Lys24 and Lys30 shows that side chain identity is not
the only factor that determines the impact of stereochemical inversion. The crystal structure of
VHP reveals that the side chain of Lys24 makes more contacts with other side chains than does the
side chain of Lys30 (Table 5.2). Presumably, greater involvement of the side chain in tertiary

packing interactions will correlate with a large negative effect of L-to-D substitution on tertiary
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structure stability. L-to-D substitution at Serl5 (ATm,app = -4.9 °C) in Helix 2, Glu4 (ATmapp = -
9.9 °C), or Ala8 (ATm,app=-13.9 °C) in Helix 1 or Asnl9 (ATmapp=-13.1 °C) in the loop between
helices 2 and 3 exhibited modest destabilizing effects. In each case, CD at room temperature

indicated retention of an a-helical signature.

Table 5.2. Accessible Surface Area (ASA) and Solvation energy effect (AIG) calculated from VHP

crystal structure (1 YRF) using Protein Data Bank in Europe.?>~2’

## | Amino acid | ASA (A?) AG (kcal/mol)
4 | A:GLU 45 130.99 0.00
8 | AtALA 49 84.95 0.00
15| A:SER 56 84.39 0.23
19 | A:ASN 60 134.12 0.00
23 | A:TRP 64 164.43 0.15
24 | A:LYS 65 72.21 0.00
26 | A:GLN 67 104.17 -0.21
27 | A:HIS 68 84.47 0.00
30 | A:LYS 71 123.00 0.13
31| A:GLU 72 126.19 0.00

To further explore the tolerance for D residues in VHP, we designed double and triple L-
to-D substituted analogs based on the most stable single substitutions: Ala8, Serl5, Asnl9, His27,

and Lys30. Data in Table 5.3 suggest that double L-to-D substitutions lead to a more significant
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destabilization than single substitutions. The ATm app values for the double substitutions are larger
than the sum of ATmap values for the single substitutions. Thus, for example, the VHP
stereoisomer with L-to-D substitution at His27 and Lys30 exhibited ATmapp = -11.4 °C, while
substitution at His27 alone resulted in ATmapp = -1.2 °C, and substitution at Lys30 alone resulted
ATmapp = -4.7 °C. These findings suggest that multiple substitutions may cooperatively enhance
tertiary structure destabilization.

Thermal destabilization trends observed for double substitutions were qualitatively
consistent with those identified in single substitutions. Thus, for example, double-substituted
stereoisomer substitution at His27 and Lys24 (ATm,app = -31.8 °C) manifests a greater thermal
destabilization relative to the stereoisomer with double substitution at His27 and Lys30 (ATm,app =
-11.4 °C), which correlates with the observation that single substitution at Lys24 (ATmapp = -
28.5 °C) is more destabilizing than single substitution at Lys30 (ATmapp = -4.7 °C). Most VHP
diastereomers with double L-to-D substitution maintained some degree of a-helicity at 25 °C,
according to CD (Figure 5.3). The two VHP diastereomers with three L-to-D substitutions were
highly destabilized, with T app values near or below room temperature. The diastereomer with four
L-to-D substitutions exhibited a CD spectrum suggesting random coil at room temperature.
Collectively, these results indicate that the VHP tertiary structure is readily destabilized by L-to-D
substitution at a small number of positions. The destabilizing effect is not simply additive but

appears to be exaggerated for multiple substitutions.
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Figure 5.3. Far-UV CD for VHP and diastereomers containing multiple L-to-D substitutions.
Samples contained 50 uM polypeptide, 20 mM sodium acetate buffer, pH 5.0. Measurements at
25°C.

Table 5.3. Apparent melting temperatures derived from CD for VHP analogues with multiple L-

to-D substitutions.

Variant Tm’app (°C) ATm,app (°C)
VHP 55.1(£1.2) -

H27h S15s 44.4 (£0.6) -10.7 (£1.8)
H27h K30k 43.5(+1.4) -11.6 (£2.6)
H27h A8a 35.0(£0.9) -20.1 (£2.1)
H27h N19n 34.1 (£2.1) -21 (£3.3)
A8a S15s 30.0 (£1.1) -25.1 (£2.3)
S15s N19n 28.8 (+1.6) -26.3 (£2.8)
H27h K24k 233 (£1.7) -31.8 (£2.9)
A8a N19n 20.7 (£3.9) -34.4 (£5.1)
H27h A8a S15s 24.5 (£5.8) -30.6 (£7.0)
H27h A8a N19n 16.7 (£3.9) -38.4 (£5.1)

H27h A8a S15s N19n

Not determined
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5.3.2. Evaluation of diastereomers of WW.

For the Pinl WW domain, the CD signature features a highly characteristic maximum near
227 nm, which presumably reflects contributions from the two Trp side chains. CD measurements
involving the WW were conducted with 50 uM protein in 10 mM sodium phosphate buffer, pH
7.0 (Figure 5.4).22 Comparisons involving eight single L-to-D variants revealed that only two of
these diastereomers retained the characteristic maximum near 227 nm. One of these variants was
the epimer at Argl6, in the loop between B-strands 1 and 2. The other was the epimer at GIn28,
near the C-terminus of B-strand 3. The other six L-to-D replacements occurred in the core of the
B-sheet that dominates the WW domain fold, and each seemed to disrupt tertiary structure
formation at room temperature. Variable-temperature studies with WW, as monitored by MRE at
227 nm, revealed a sigmoidal transition. However, this thermal transition was not reversible, nor
was the thermal transition for the Argl6 epimer or the GIn28 epimer. Table 5.4 presents the thermal
denaturation data for both of these epimers. L-to-D substitution at position Argl6 led to ATm,app =
-13.4 °C, while L-to-D substitution at GIn28 exhibited a larger destabilization, ATm app=-18.6 °C.
These findings show that placing a single D residue in WW is highly destabilizing to the tertiary

fold.

Table 5.4. Apparent melting temperatures derived from CD for WW analogues with single L-to-

D substitutions.

Variant Tm’app (°C) ATm,app (°C)
wWw 53.6 (£0.6) -
R16r 40.2 (£0.5) -13.4 (£1.8)

028q 35.0 (+0.6) -18.6
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Figure 5.4. Far-UV CD for WW and derivatives containing a single L-to-D substitution. Samples
contained 50 uM polypeptide, 10 mM sodium phosphate buffer, pH 7.0. Measurements at 25°C.
A) WW and the two diastereomers that retain the native CD maximum at ~227 nm, B) WW and
the highly destabilized diastereomers.

5.4 Conclusions

We have used two miniproteins that adopt a specific tertiary structure to evaluate the
impact of stereoisomeric changes on conformational stability. The villin headpiece subdomain and
the Pinl WW domain are complementary in that most residues in VHP participate in a-helical
secondary structure, while most residues in WW participate in B-sheet secondary structure. It is
challenging to coax the ribosome to incorporate D-a-amino acid residues, but D incorporation is
straightforward with chemical synthesis. The lengths of VHP and WW (35 and 34 residues) make
them amenable to synthesis and evaluation of many diastereomers.

Our results indicate that the tertiary structures of both miniproteins are very sensitive to
destabilization via L-to-D substitution. For VHP, CD data suggested that most of the single-site
modifications we examined did not lead to complete loss of folding, as indicated by retention of
some o-helicity at room temperature, although every substitution site led to some degree of
destabilization. Multiple L-to-D substitutions resulted in greater destabilization; the one

diastereomer we examined with four L-to-D substitutions seemed to be fully unfolded at room
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temperature. The WW domain appeared to be even more sensitive to disruption by L-to-D
substitution than was VHP, since only two of the eight single substitutions we evaluated led to
retention of the characteristic CD maximum near 227 nm. This greater sensitivity may arise
because the WW domain tertiary structure is intrinsically less stable than the VHP tertiary structure
(Tm,app = 55 °C vs. 44 °C), or because a-helical secondary structure is more tolerant of L-to-D
substitution than is B-sheet secondary structure, or a combination of these factors.

Our finding that L-to-D substitution is generally destabilizing in two small tertiary
structures offers an interesting perspective on previous studies showing that replacing a native Gly
residue with a D residue can occasionally stabilize peptide or protein folding patterns.!?*-331 In
these cases, the native Gly residue displays backbone torsion angles that would be unfavorable for
L residues but are favorable for D residues. For Gly, of course, backbone torsion angles preferred
by L residues and those preferred by D residues are energetically equivalent. The use of D residues
to promote “mirror image” reverse turns has proven useful in the design of B-sheet-forming
peptides.34-361

Polypeptides containing mixtures of L and D residues can adopt distinctive conformations
that enable unique functions. Gramicidin A, for example, features an alternation of L and D
residues. This natural antibiotic can form a double-stranded B-helix that functions as an ion

channel 37!

For ribosomally produced polypeptides, however, evolutionary selection has
necessarily operated on homochiral molecules. The results reported here are consistent with earlier
studies'®! in showing that evolved protein tertiary structures are generally destabilized by L-to-D
modification. This trend may explain why mammals devote energy to sustaining a-amino acid

homochirality.®]
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5.5 Materials, Methods and Supplementary Figures

5.5.1. Peptide synthesis, purification and characterization

All peptides were prepared via microwave-assisted solid-phase synthesis using a
LibertyBlue instrument. Fmoc-protected amino acids were purchased from Chem-Impex.
Phenylalanine and glycine preloaded Wang resins were purchased from CEM. Coupling reagents
ethyl cyano(hydroxyimino)acetate (Oxyma) and N,N’-diisopropylcarbodiimide (DIC) were
purchased from Chem-Impex. N,N-dimethylformamide (DMF), dichloromethane (DCM),
piperidine, trifluoroacetic acid (TFA), triisopropylsilane (TIPS), thioanisole, 1,2-ethanedithiol
(EDT), and acetonitrile were purchased from Sigma-Aldrich.

All peptides were synthesized on a 50 pmole scale with 0.2 M Oxyma in DMF and 0.2 M
DIC in DMF. Pre-loaded Wang resin was pre-swelled in 1:1 v/v DCM:DMF. Fmoc-amino acids
(1.25 mL, 0.2 M) were activated with DIC (0.5 mL, 0.5 M) and Oxyma (0.5 mL, 1 M) in biotech
grade DMF. Regular coupling cycles were performed at 90°C for 2 minutes. Double coupling at
90 °C was performed for all D-amino acid and arginine residues. The histidine residue was coupled
at 50°C to prevent possible racemization.

After all residues had been added, the resin was mixed with the cleavage cocktail (8§ mL
per 50 pumole) containing 91.5% (v/v) TFA, 2.5% (v/v) H20, 2.5% (v/v) EDT, 2.5% (v/v)
thioanisole, and 1% (v/v) TIPS at room temperature for 3.5 hours for VHP analogues or 5 hours
for WW domain analogues. Excess TFA was removed under a stream of nitrogen, and 35 mL of
cold diethyl ether was then added to precipitate the crude peptide. The peptide was isolated by
centrifugation, washed with cold ether twice, and then dried under nitrogen.

For VHP peptide analogs, ~25 umole of the crude product was dissolved in 600 pL 1:1

H>O:acetonitrile and filtered through a 0.22 um Nylon filter for reversed-phase HPLC purification.
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VHP analogs were purified using a C18 HPLC column on an Agilent HPLC. H>O and acetonitrile
with 0.1 % TFA were used as solvents A and B, respectively. A gradient from 10% to 60% B over
20 minutes with a flow rate of 12 mL/minute was used. For WW domain analogs, ~25 pmole of
the crude peptide was dissolved in 1500 puL 1:1 H>O:acetonitrile and then filtered for reversed-
phase HPLC purification. WW domain analogs were first purified using a C8 column on an Agilent
HPLC using 10% to 60% B over 20 minutes with a flow rate of 12 mL/minute. For the second
purification, the WW domain analogs were purified with a C8 column using 20-50% B over 20
minutes with flow rate = 14 mL/ min. Peptide masses were determined using MALDI-TOF-MS,

and purity was checked using UPLC (detection at 220 nm).

5.5.2. Circular Dichroism (CD) Spectroscopy

CD experiments were conducted at 25 °C on a JASCO J-1500 CD spectrometer. The VHP
peptide analogs were diluted to 50 uM using 20 mM sodium acetate buffer (pH = 5.0). The WW
domain analogs were diluted to 50 pM using 10 mM sodium phosphate buffer (pH = 7.0). The
peptide sample was then transferred to a I-mm quartz cuvette. The CD spectrum was measured
from 260 to 200 nm with 0.1 nm intervals at 4 second digital integration time (D.I.T) at 100 nm/min
scanning speed. The data are presented as mean residue ellipticity in degecm2¢M-1 calculated
based on the equation shown below.

molar ellipticity (8) =(mdeg value)/(32.98*concentration (mol/L)*path length (cm))

5.5.3. Thermal denaturation assays

A minimum at 223 nm was observed in the CD spectrum of each VHP analogue at room

temperature, and a maximum at 227 nm was observed in the CD spectrum for each WW domain
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analogue at room temperature. Data for the thermal denaturation assays were collected at these
two wavelengths. Thermal denaturation measurements were made from 5 to 95 °C with 2 °C/min
increments with a 5-minute equilibration time at each temperature. The samples were held at 95 °C
for 5 minutes before the temperature was decreased to 5 °C by 2 °C/min steps.

Each thermal denaturation data set was fitted into a 2-state folding model using the method
Sigmoidal, 4PL, X is log(concentration) on GraphPad Prism 10. Previous study has shown that the
folding thermodynamics of VHP can be accurately modeled as a 2-state system.** The measured

parameter in the thermal denaturation assays is defined as Tm app for apparent melting temperature.

5.5.4. Additional data for CD thermal denaturation assays
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Figure 5.6. CD data obtained for increasing temperature (left) and decreasing temperature (right)

for VHP E4e mutant. Each data set was fit to a two-state folding model.
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Figure 5.7. CD data obtained for increasing temperature (left) and decreasing temperature (right)

for VHP A8a mutant. Each data set was fit to a two-state folding model.
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Figure 5.8. CD data obtained for increasing temperature (left) and decreasing temperature (right)

for VHP S15s mutant. Each data set was fit to a two-state folding model.
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Figure 5.9. CD data obtained for increasing temperature (left) and decreasing temperature (right)

for VHP N19n mutant. Each data set was fit to a two-state folding model.
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Figure 5.10. CD data obtained for increasing temperature (left) and decreasing temperature (right)

for VHP W23w mutant. Each data set was fit to a two-state folding model.
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Figure 5.11. CD data obtained for increasing temperature (left) and decreasing temperature (right)

for VHP K24k mutant. Each data set was fit to a two-state folding model.
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Figure 5.12. CD data obtained for increasing temperature (left) and decreasing temperature (right)

for VHP Q26q mutant. Each data set was fit to a two-state folding model.
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Figure 5.13. CD data obtained for increasing temperature (left) and decreasing temperature (right)

for VHP H27h mutant. Each data set was fit to a two-state folding model.
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Figure 5.14. CD data obtained for increasing temperature (left) and decreasing temperature (right)

for VHP K30k mutant. Each data set was fit to a two-state folding model.
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Figure 5.15. CD data obtained for increasing temperature (left) and decreasing temperature (right)

for VHP E31e mutant. Each data set was fit to a two-state folding model.
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Figure 5.16. CD data obtained for increasing temperature (left) and decreasing temperature (right)

for VHP H27h S15s mutant. Each data set was fit to a two-state folding model.
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Figure 5.17. CD data obtained for increasing temperature (left) and decreasing temperature (right)

for VHP H27h K24k mutant. Each data set was fit to a two-state folding model.
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Figure 5.18. CD data obtained for increasing temperature (left) and decreasing temperature (right)

for VHP H27h K24k mutant. Each data set was fit to a two-state folding model.
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Figure 5.19. CD data obtained for increasing temperature (left) and decreasing temperature (right)

for VHP H27h A8a mutant. Each data set was fit to a two-state folding model.
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Figure 5.20. CD data obtained for increasing temperature (left) and decreasing temperature (right)

for VHP A8a S15s mutant. Each data set was fit to a two-state folding model.
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Figure 5.21. CD data obtained for increasing temperature (left) and decreasing temperature (right)

for VHP A8a N19n mutant. Each data set was fit to a two-state folding model.
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Figure 5.22. CD data obtained for increasing temperature (left) and decreasing temperature (right)

for VHP S15s N19n mutant. Each data set was fit to a two-state folding model.
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Figure 5.23. CD data obtained for increasing temperature (left) and decreasing temperature (right)

for VHP H27h N19n mutant. Each data set was fit to a two-s
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Figure 5.24. CD data obtained for increasing temperature (left) and decreasing temperature (right)

for VHP A8a S15s H27h mutant. Each data set was fit to a two-state folding model.
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Figure 5.25. CD data obtained for increasing temperature (left) and decreasing temperature (right)

for VHP A8a N19n H27h mutant. Each data set was fit to a two-state folding model.
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Figure 5.26. CD data obtained for increasing temperature (left) and decreasing temperature (right)

for VHP A8a S15s N19n H27h mutant. Each data set was fit to a two-state folding model.
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Figure 5.27. CD data obtained for increasing temperature (left) and decreasing temperature (right)

for WW. Each data set was fit to a two-state folding model.
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Figure 5.28. CD data obtained for increasing temperature (left) and decreasing temperature (right)

for WW R16r mutant. Each data set was fit to a two-state folding model.
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Figure 5.29. CD data obtained for increasing temperature (left) and decreasing temperature (right)

for WW Q28q mutant. Each data set was fit to a two-state folding model.
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5.6. MALDI-TOF-MS Spectra and UPLC Data for Synthetic Peptides

VHP

Sequence: NH, — LSDEDFKAVFGMTRSAFANLPLWKQQOHLKKEKGLF — COOH

4080.261 !
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MALDI-TOF-MS: calculated monoisotopic [M+H]" = 4079.135

observed monoisotopic [M+H]" = 4080.261

UPLC: H,O/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130A 1.7 pm, 2.1 x 150mm) column.

Purity = 99.47 %
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VHP_ Ed4e
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MALDI-TOF-MS: calculated monoisotopic [M+H]" = 4079.135

observed monoisotopic [M+H]" = 4080.979

UPLC: H,O/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier

CSH C18 (130A 1.7 um, 2.1 x 150mm) column.

Purity = 96.82 %
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VHP A8a

Sequence: NH, — LSDEDFKaVFGMTRSAFANLPLWKQQOHLKKEKGLF — COOH

4082.705
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MALDI-TOF-MS: calculated monoisotopic [M+H]" = 4079.135

observed monoisotopic [M+H]" = 4082.705

UPLC: H,O/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130A 1.7 um, 2.1 x 150mm) column.

Purity = 97.24 %
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VHP_S15s

Sequence: NH, — LSDEDFKAVFGMTRsAFANLPLWKQQOHLKKEKGLF — COOH

i 1 4080.367
p )
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MALDI-TOF-MS: calculated monoisotopic [M+H]" = 4079.135

observed monoisotopic [M+H]" = 4080.367

UPLC: H,O/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130A 1.7 um, 2.1 x 150mm) column.

Purity = 99.07 %
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VHP N19n

Sequence: NH, — LSDEDFKAVFGMTRSAFANLPLWKQQOHLKKEKGLF — COOH

4082.841
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MALDI-TOF-MS: calculated monoisotopic [M+H]" = 4079.135

observed monoisotopic [M+H]" = 4082.841

UPLC: H,O/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130A 1.7 um, 2.1 x 150mm) column.

Purity = 96.71 %
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VHP W23w

Sequence: NH, — LSDEDFKAVFGMTRSAFANLPLwWKQQHLKKEKGLF — COOH
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MALDI-TOF-MS: calculated monoisotopic [M+H]" = 4079.135

observed monoisotopic [M+H]" = 4082.264

UPLC: H,O/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130A 1.7 um, 2.1 x 150mm) column.

Purity = 99.16 %
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VHP K24k

Sequence: NH, — LSDEDFKAVFGMTRSAFANLPLWkQQOHLKKEKGLF — COOH
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MALDI-TOF-MS: calculated monoisotopic [M+H]" = 4079.135

observed monoisotopic [M+H]" = 4080.426

UPLC: H,O/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier

CSH C18 (130A 1.7 um, 2.1 x 150mm) column.

Purity = 99.66 %
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VHP_ Q264

Sequence: NH, — LSDEDFKAVFGMTRSAFANLPLWKQQHLKKEKGLF — COOH

5 4079.172
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MALDI-TOF-MS: calculated monoisotopic [M+H]" = 4079.135

observed monoisotopic [M+H]" = 4079.172

UPLC: H,O/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130A 1.7 um, 2.1 x 150mm) column.

Purity = 96.11 %
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Sequence: NH, — LSDEDFKAVFGMTRSAFANLPLWKQQOhLKKEKGLF — COOH
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MALDI-TOF-MS: calculated monoisotopic [M+H]" = 4079.135

observed monoisotopic [M+H]" = 4079.888

UPLC: H,O/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier

CSH C18 (130A 1.7 um, 2.1 x 150mm) column.

Purity = 98.53 %
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VHP K30k

Sequence: NH, — LSDEDFKAVFGMTRSAFANLPLWKQQOHLKKEKGLF — COOH

4079.172
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MALDI-TOF-MS: calculated monoisotopic [M+H]" = 4079.135

observed monoisotopic [M+H]" = 4079.172

UPLC: H>O/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130A 1.7 pm, 2.1 x 150mm) column.

Purity = 96.72 %
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VHP_E3le

Sequence: NH, — LSDEDFKAVFGMTRSAFANLPLWKQQOHLKKeKGLF — COOH
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MALDI-TOF-MS: calculated monoisotopic [M+H]" = 4079.135

observed monoisotopic [M+H]" = 4079.172

UPLC: H,O/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130A 1.7 um, 2.1 x 150mm) column.

Purity = 97.15 %
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VHP_H27h S15s

Sequence: NH, — LSDEDFKAVFGMTRsSAFANLPLWKQQOhLKKEKGLF — COOH

4080.468
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MALDI-TOF-MS: calculated monoisotopic [M+H]" = 4079.135

observed monoisotopic [M+H]" = 4080.468

UPLC: H,O/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130A 1.7 um, 2.1 x 150mm) column.

Purity = 99.68 %
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VHP H27h K24k

Sequence: NH, — LSDEDFKAVFGMTRSAFANLPLWkQOhLKKEKGLF — COOH
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MALDI-TOF-MS: calculated monoisotopic [M+H]" = 4079.135

observed monoisotopic [M+H]" = 4080.592

UPLC: H,O/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130A 1.7 um, 2.1 x 150mm) column.

Purity = 98.69 %



234

VHP H27h K30k

Sequence: NH, — LSDEDFKAVFGMTRSAFANLPLWKQQOhLKKEKGLF — COOH

’;: 4080.592
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MALDI-TOF-MS: calculated monoisotopic [M+H]" = 4079.135

observed monoisotopic [M+H]" = 4080.592

UPLC: H,O/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier

CSH C18 (130A 1.7 um, 2.1 x 150mm) column.

Purity = 97.16 %
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Sequence: NH, — LSDEDFKaVFGMTRSAFANLPLWKQQOhLKKEKGLF — COOH
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MALDI-TOF-MS: calculated monoisotopic [M+H]" = 4079.135

observed monoisotopic [M+H]" = 4080.385

UPLC: H,O/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier

CSH C18 (130A 1.7 um, 2.1 x 150mm) column.

Purity = 98.01 %
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Sequence: NH, — LSDEDFKaVFGMTRsAFANLPLWKQQOHLKKEKGLF — COOH
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MALDI-TOF-MS: calculated monoisotopic [M+H]" = 4079.135

observed monoisotopic [M+H]" = 4080.675

UPLC: H,O/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier

CSH C18 (130A 1.7 um, 2.1 x 150mm) column.

Purity = 99.79 %
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VHP_A8a N19n

Sequence: NH, — LSDEDFKaVFGMTRSAFAnNLPLWKQQOHLKKEKGLF — COOH

4081.255 ' I
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MALDI-TOF-MS: calculated monoisotopic [M+H]" = 4079.135

observed monoisotopic [M+H]" = 4081.255

UPLC: H,O/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130A 1.7 um, 2.1 x 150mm) column.

Purity = 99.56 %
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Sequence: NH, — LSDEDFKAVFGMTRSAFAnNLPLWKQQOHLKKEKGLF — COOH
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MALDI-TOF-MS: calculated monoisotopic [M+H]" = 4079.135

observed monoisotopic [M+H]" = 4080.758
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UPLC: H,O/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier

CSH C18 (130A 1.7 um, 2.1 x 150mm) column.

Purity = 99.82 %
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VHP N19n_H27h

Sequence: NH, — LSDEDFKAVFGMTRSAFANLPLWKQQOhLKKEKGLF — COOH

Intens. [a.u
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MALDI-TOF-MS: calculated monoisotopic [M+H]" = 4079.135

observed monoisotopic [M+H]" = 4080.401

UPLC: H,O/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130A 1.7 um, 2.1 x 150mm) column.

Purity = 99.73 %
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VHP_A8a_S15s H27h

Sequence: NH, — LSDEDFKaVFGMTRsAFANLPLWKQQOhLKKEKGLF — COOH
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MALDI-TOF-MS: calculated monoisotopic [M+H]" = 4079.135

observed monoisotopic [M+H]" = 4082.001

UPLC: H,O/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130A 1.7 um, 2.1 x 150mm) column.

Purity = 99.08 %



VHP AS8a N19n H27h

Sequence: NH, — LSDEDFKaVFGMTRSAFAnNLPLWKQQOhLKKEKGLF — COOH
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MALDI-TOF-MS: calculated monoisotopic [M+H]" = 4079.135

observed monoisotopic [M+H]" = 4081.255
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UPLC: H,O/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier

CSH C18 (130A 1.7 um, 2.1 x 150mm) column.

Purity = 99.81 %
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VHP AS8a S15s N19n H27h

Sequence: NH, — LSDEDFKaVFGMTRsSAFAnNLPLWKQQOhLKKEKGLF — COOH
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MALDI-TOF-MS: calculated monoisotopic [M+H]" = 4079.135

observed monoisotopic [M+H]" = 4080.799

UPLC: H,O/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130A 1.7 um, 2.1 x 150mm) column.

Purity = 99.83 %
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Sequence: NH, — KLPPGWEKRMSRSSGRVYYFNHITNASQWERPSG — COOH
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MALDI-TOF-MS: calculated monoisotopic [M+H]" = 4020.981

observed monoisotopic [M+H]" = 4020.664

UPLC: H,O/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier

CSH C18 (130A 1.7 um, 2.1 x 150mm) column.

Purity = 97.7 %
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WW_Wéw

Sequence: NH, — KLPPGWEKRMSRSSGRVYYFNHITNASQWERPSG — COOH

4019.848
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MALDI-TOF-MS: calculated monoisotopic [M+H]" = 4020.981

observed monoisotopic [M+H]" = 4019.848

UPLC: H,O/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier

CSH C18 (130A 1.7 um, 2.1 x 150mm) column.

Purity = 98.36 %
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WW E7e

Sequence: NH, — KLPPGWeKRMSRSSGRVYYFNHITNASQWERPSG — COOH
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MALDI-TOF-MS: calculated monoisotopic [M+H]" = 4020.981

observed monoisotopic [M+H]" =4019.790

UPLC: H,O/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130A 1.7 um, 2.1 x 150mm) column.

Purity = 95.13 %
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Sequence: NH, — KLPPGWEKkRMSRSSGRVYYFNHITNASQWERPSG — COOH
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MALDI-TOF-MS: calculated monoisotopic [M+H]" = 4020.981

observed monoisotopic [M+H]" = 4020.026
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UPLC: H,O/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier

CSH C18 (130A 1.7 um, 2.1 x 150mm) column.

Purity = 97.87 %
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WW_R16r
Sequence: NH, — KLPPGWEKRMSRSSGrVYYFNHITNASOWERPSG — COOH
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MALDI-TOF-MS: calculated monoisotopic [M+H]" = 4020.981

observed monoisotopic [M+H]" = 4022.922

UPLC: H,O/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130A 1.7 um, 2.1 x 150mm) column.

Purity = 98.75 %
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Sequence: NH, — KLPPGWEKRMSRSSGRVYYFNHITNASQWERPSG — COOH

Intens. [a.u.]
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MALDI-TOF-MS: calculated monoisotopic [M+H]" = 4020.981

observed monoisotopic [M+H]" = 4024.18

UPLC: H,O/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier

CSH C18 (130A 1.7 um, 2.1 x 150mm) column.

Purity = 98.17 %
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WW_S27s

Sequence: NH, — KLPPGWEKRMSRSSGRVYYFNHITNASQWERPSG — COOH
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MALDI-TOF-MS: calculated monoisotopic [M+H]" = 4020.981

observed monoisotopic [M+H]" =4021.015

UPLC: H,O/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier
CSH C18 (130A 1.7 um, 2.1 x 150mm) column.

Purity = 97.66 %
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WW_Q28q
Sequence: NH, — KLPPGWEKRMSRSSGRVYYFNHITNASqQWERPSG — COOH
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MALDI-TOF-MS: calculated monoisotopic [M+H]" = 4020.981

observed monoisotopic [M+H]*" = 4027.049

UPLC: H,O/MeCN + 0.1% TFA, 10-95% MeCN, 5 min, 0.3 mL/min on an ACQUITY Premier

CSH C18 (130A 1.7 um, 2.1 x 150mm) column.

Purity = 95.14 %
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