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ABSTRACT. Dynamic rearrangements of the actin cytoskeleton power cell motility in contexts ranging
from intracellular microbial pathogenesis to axon guidance. The Ena/VASP family proMars, VASP,

and Evt—are believed to control cell motility by serving as a direct link between signaling events and the
actin cytoskeleton. It has previously been reported that a novel miniature protein, pGolemi, binds with
high affinity to the EVH1 domain of Mena (Mepay2) but not to those of VASP (VASR;115) or EVI
(Evli-115) and also causes an unusual defect in actin-diivsieria monocytogenesotility. Here, scanning
mutagenesis was used to examine the effects of single amino acid changes within pGolemi on EVH1
domain affinity and specificity, miniature protein secondary structure,landonocytogenesotility.

The data suggest that pGolemi contains the expected aPP-like fold and binds-Meima manner
highly analogous to the proline-rich repeat regioh.ofmonocytogeneActA protein. Residues throughout
pGolemi contribute to both EVH1 domain affinity and paralog specificity. Moreover, the affinities of
pGolemi variants for Menaii2 correlate with selectivity against the EVH1 domains of VASP and Evl.

In L. monocytogenesiotility assays, speed and speed variability correlate strongly with EVH1 paralog
specificity, suggesting that the Ena/VASP paralogs do not play equivalent roles in the prodess of
monocytogeneactin tail maturation.

The actin cytoskeleton is a complex system that transducesvariant (L1, 14—17). This region is also rich in proline and
multiple converging signals into changes in the dynamics serves as a docking site for proline recognition domains such
and architecture of actin assembly. An important family of as profilin and SH3 domaing @, 18—21). The C-terminal
direct regulators of the actin cytoskeleton, the Ena/VASP EVH2 domain is responsible for multiple functions, including
proteins are implicated in an astounding array of actin-basedoligomerization of the Ena/VASPs through a coiled coil
biological functions {—8). These functions include the domain @2) and binding to both actin monomers and

formation of cell membrane protrusions, particularly lamel- fjjaments. In VASP and Mena, EVH2 functions are modu-
lipodia and filopodia, that are the hallmarks of amoeboid |ated by phosphorylationlp, 23—26).

crawling motility in neuronal growth cones and fibroblasts

during wound healing; platelet aggregation; formation of the : . . ;
T cell receptor immunological synapse; formation of focal and function of the EVH1 domains and their interactions

adhesions and stress fibers during cell spreading; and motilityVith Proline-rich sequences (PRSs). PRSs are also recognized
of intracellular pathogens, such Bisteria monocytogenes Py several unrelated domains such as the SH3-29), WW

The Ena/VASP family proteins include three paralogs in (29~31), GYF (32, 33), and UEV @4, 35) domains as well
vertebrates: Mena, VASP, and E@12). These proteins @S the single domain protein profilir3¢-38). Proline-
share an overall three-part domain organization consisting™ediated interactions tend to be low affinity{%00 uM
of an N-terminal EVH1 domain, a central domain containing range) 89, 40), a feature that allows macromolecular
proline-rich sequences, and a C-terminal EVH2 domadjn ( complex assembly and disassembly to respond to internal
13). The EVH1 domain is involved in recruitment of Ena/ and extracellular signals on a rapid time scale. Ligands for
VASPs to their site of activity by specific interaction with ~ proline recognition domains share a number of features, most
proline-rich sequences in its binding partners. The central importantly the ability to adopt a type Il polyproline (PPII)
domain of the Ena/VASPs contains one or more phospho- helix that positions the cyclic pyrrolidine side chains on one
rylation sites depending on the particular paralog or splice helical face into grooves formed by aromatic residues in the
EVH1 domain binding pocket. Contacts arising from non-

" This work was supported by the National Institutes of Health (GM Proline residues that extend the core binding epitope confer
65453) and in part by a fellowship to J.H.H. from NSERC Canada. specificity and augment affinity 40). Four classes of
2 égﬂ;{ﬁfg’i?gmg ;‘gg;gpgﬂ;gfgg éﬁ?ﬁ) 432-8276; fax (203) 432- nompologous EVH1 domains have been structurally charac-

¢ Department of Chemistry. R terized to date§, 41—43), and the residue preferences and

§ Department of Molecular, Cellular and Developmental Biology. binding orientation have been determined for three of these.

* Abbreviations: PPII helix, type Il polyproline helix; aPP, avian  For the EVH1 domains of Ena/VASP proteins, termed class
pancreatic polypeptide; CD, circular dichroisriy, dissociation

constant; EVH1, Ena/VASP homology domain 1; MREmean residue | domai.ns’ the register or binding mode is dEtermi.ned by an
ellipticity at 222 nm. aromatic or leucine residue in the second position of the
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Much effort has been devoted to studying the structure
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consensus sequence (D/E)(F/L/W/Y YpRXX; -3, where X can in the establishment of robust tails to support continuous
be any amino acid and is a residue with a hydrophobic  forward motion 64). In contrast to the effect of pGolemi,
side chain. Class Il EVH1 domains found in the Homer/ ActA;; failed to produce discontinuous tails at any concen-
Vesl family proteins implicated in synaptic plasticit$4) tration tested.

recognize the consensus PPxxF, although the binding ori- |n light of these results, we sought to better characterize
entation is the same as class | ligands. The third class isthe biochemical and structural basis for pGolemi binding,
composed of WASP and N-WASP. The only known ligand paralog specificity, and the relationship of these recognition
for this domain is a 25-residue peptide from WIP (WASP- events to the motility aberrations reported previously. To this
interacting protein) that contains an LPPPEP motif. The end, a series of pGolemi variants was synthesized. Each
structure for this complex was solved using a fusion construct member of the series contained a single amino acid substitu-
of the two binding partners, and the ligand orientation was tjon at a position expected to play a role in Mena, EVH1
opposite that of the examples mentioned abo48.(No binding or protein folding. The effects of these changes on
ligands are known for the class IV EVH1 domains found in  binding EVH1 domain paralogs and on protein secondary
Spred and Sprouty proteins that modulate tyrosine kinasestructure were measured. Finally,monocytogenesotility
signaling @3). Structural data are now available for repre- assays were performed using a judiciously chosen set of
sentatives of each class of EVH1 doma#il{46), and  variants to test the hypothesis that the discontinuous tail
alignment of the backbone residues shows the structures tophenotype is related to pGolemi’s specificity.

be virtually superimposable.

Although the determinants of specificity between classes RESULTS
of proline recognition domains have been well studied, little o . . .
is known about subtle differences between paralogs from !dentification of pGolemi Variantslo study the energetic
the same class. This dearth of information arises because i€ontribution of individual pGolemi side chains to EVH1
is difficult to design molecules that possess sufficient affinity, specificity, and cell motility, we synthesized 18
specificity to discriminate between protein paralogs while PGolemi variants in which a single residue was substituted
retaining high affinity 47). Significant progress toward that ~ With alanine and used quantitative binding assays to deter-
goal in the context of EVH1 domain recognition was Mine the affinity of each variant for the EVH1 domains
achieved with the initial characterization of pGolemi, a well- Within Mena (Mena-115), VASP (VASR-11¢), and EvI
folded 30-residue polypeptide that exhibits high affinity for (EVli-115, as detailed in the Supporting Informatiod).
the Mena EVH1 domain (Menas,) and high paralog e also prepared three additional variants, two in which a
specificity (65). pGolemi was obtained by substituting five ~Single proline residue at position 3 or 4 was replaced with
residues from the sequence of a known EVH1 ligand, the Sarcosine (abbreviated Z2) _a_nd_ athlr_d one containing leucine
first proline-rich repeat of thel. monocytogenedctA in placg of Alall. The equilibrium dlssoc!anon.cons.tants of
protein, for six judiciously chosen residues of the N-terminal the variantMena-,, complexes determined in this way
PPII helix angB-turn regions of avian pancreatic polypeptide 'anged from 800 nM to>100 uM, corresponding to free
(aPP). The strategy used to design pGolemi has been®nergies 4Gueng that vary over 3 kcafmol™ (Table 1).
successfully used by our laboratod7¢-56) and othersg7— Recognition of Menaii, by pGolemi variants. The
60) to generate high-affinity ligands for shallow surfaces that Mena-a1. affinity of each variant shown in Table 1 was
are often difficult to target using smaller molecules. The determined using a tryptophan fluorescence perturbation
resulting miniature protein bound Menas, with high assay, as described previousl§s( 67). The Mena-i1,
nanomolar affinity, a 10-fold improvement over the previ- complexes formed from these variants were characterized
ously reported highest affinity ligand, an 11-residue peptide by dissociation constants between 800 nM antDO uM,
from ActA (ActA1;) (42). pGolemi bound with low affinity ~ which correspond to binding free energies betwe&® and
to the EVH1 domains of the two other Ena/VASP paralogs, > —5.8 kcatmol™* (Figure 2A). Two pGolemi variants, P7A
VASP (VASP_115) and Evl (Evi-119, with equilibrium and F19A, reproducibly showed ill-behaved tryptophan
dissociation constants respectively 20- artDO-fold higher ~ perturbation profiles and were not included in further
than that for Mena 112 analysis. None of the pGolemi variants bound Mepgawith

In addition to achieving a high level of paralog specificity, higher affinity than did pGolemi (Table 1; Figure 2A),
pGolemi was unique because of the dramatic effect it had although several showed altered paralog specificity (vide
on the motility ofL. monocytogeneis cell-free extracts, a  infra).
well-established system for studying the actin polymerization Role of Residues Derd from ActAy. First we consider
motor 66). In the presence of pGolenli, monocytogenes  pGolemi variants containing alanine in place of a residue
assumed a discontinuous actin comet tail characterized byderived from theL. monocytogeneprotein ActA, namely,
overall slowed motility and alternating bursts and lulls in F2A, P3A, P6A, E9A, and E10A. These residues are located
speed that correlate to bright and dark regions of the in the N-terminal half of pGolemi. Of the five, the lowest
rhodamine-labeled actin tail, giving it an overall punctate affinity is seen with F2A Kq = 55 £ 6 uM); its complex
appearance and the emergence of “hopping.” Discontinuouswith Mena_i1»is 2.7 kcaimol ! less stable than the complex
comet tails during actin-baséd monocytogenesotility at with pGolemi. P6A also binds Menay;, poorly (Kq =9 +
steady state have been reported previously in cell extracts2 uM), a 1.6 kcaimol™ loss relative to pGolemi. The
(61) and cultured mammalian cell§2) as well as in the remaining alanine variants, P3A, E9A, and E10A, as well
context of ActA-coated beads in a mixture of purified as the sarcosine variants P3Z and P4Z, bind Marmawith
proteins 63). A study of the process df. monocytogenes affinities that are comparable to that of pGolemi. Interest-
motility initiation showed that hopping is a characteristic step ingly, a pGolemi variant containing an additional ActA-
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Table 1: Dissociation Constants of Complexes between pGolemi Variants and Peptides and M&MSP; 115 or EVL;-115 at 25°C?

Ky Mena AGMmfkcal Ksuaso (M) AGVASP—I AAG, Mcna-\-'IASP Ko (uM) AGgy ) AAG, Mm:Evl MREp, (d:vg em’
(uM) mol™) (kcal mol™)  (kcal mol™) (kcal mol™) (kcal mol™) dmol™)
ActAy, 62 -7 15+4 -6.6 -0.5 4103 -7.3 0.23 N.D.
pGolemi 0.6+0.2 -8.5 13+£2 -6.7 -1.8 >100 >-5.5 <-3.1 -16262
pGol-2 >100 >-55 15+£5 - 6.6 <I.1 10+£2 -6.8 <1.3 -20386
P1A 0.8+0.3 -8.3 54+0.1 -72 -1.1 20+2 -6.4 -1.9 -5522
PlA, > 480 >-45 =240 >-53 N.C. >240 >-49 N.C. N.D.
F2A 55+6 -58 56+3 -58 0.0 106 £ 10 -5.4 -0.4 -13745
F2L 1.0£0.1 -8.2 8.0+04 -6.9 -1.3 23+1 -6.3 -1.9 -15052
P3A 234035 -7.7 [>75] [>-5.6] N.C. [>50] [>-5.9] N.C. -10745
P3Z 25+03 -7.6 T+1 -7.0 -0.6 > 50 >-59 <-1.8 -9384
P4A 33+04 -7.5 4+1 -73 -0.2 43 %5 -6.0 -1.5 -8205
P4Z 24+04 -1.7 51 -7.2 -0.5 > 50 >-59 <-1.8 -5384
TSA  22£02 -1.7 1.3£02 -8.0 03 132 -6.7 -1.0 -8667
T5A, > 800 >-472 > 240 >-53 N.C. 210+ 30 -5.0 >(.78 N.D
T5L 1.5+1 -79 10£1 -6.8 -1.1 221 -6.4 -1.5 -14647
P6A 9+2 -6.9 3443 -6.1 -0.8 [>50] [>-5.9] N.C. -5937
P7TA [> 50] [>-59] [> 100] [>-5.5] N.C. [> 100] [>-5.5] N.C. -2932
E9A 0.9+0.2 -82 8+1 -6.9 -1.3 363 -6.1 -22 -13115
El0A  1.2+02 -8.1 23+£03 -1.7 -04 3242 -6.1 -19 -8261
AllL 122 -6.7 8+4 -6.9 0.2 23+ 10 -6.3 -04 - 12893
LI16A 14+£3 -6.6 >50 >-59 <-0.7 =50 >-59 <-0.7 -6714
FI9A  [>100] [>-5.5] [>100]  [>-5.5] N.C. [>50]  [>-5.9] N.C. -5756
L23A 77+8 -5.6 > 50 >-59 <03 >50 >-59 <03 -4945
Y26A  3.0+03 -7.5 > 50 >-59 <-1.7 >150 >-59 <-23 -7234
V29A  26+05 -7.6 [>50] [>-59] N.C. [>100] [>-59] N.C. -11797

a Also shown is the mean residue ellipticity at 222 nm of each variant in the absence of EVH1 domain (10 mRON&B0 mM NaCl (pH
7.5) at 25°C). Colors identify the location of alanine substitution: red and pink identify variants with substitution of an ActA-derived residue,
whereas light blue and dark blue identify variants with substitution of an aPP-derived folding residue. Values in bracketKinditagds estimated

from ill-behaved binding isotherms. N.D., not determined; N.C., not

calculated. Two pGolemi variants, P7A and F19A, reproducibly showed

ill-behaved tryptophan perturbation profiles, perhaps due to aggregation, and were not included in further analysis.

derived leucine in place of Alall (A11L) was a poor ligand
for Mena—112 (Kg = 12 4 2 uM, AAGyiena= 1.8 kcatmol™3).
Role of Residues Derd from aPP.Next, we consider
those eight variants (P1A, P4A, F7A, F19A, L16A, L23A,
Y26A, and V29A) in which alanine is substituted for a
residue that likely contributes to formation of the pGolemi

within the aPP PPII helix (Phe2, Pro3, and Pro6) significantly
disrupts binding to Menai1,, Whereas altering residues in
the B-turn region (Glu9 and Glul0) does not. In general,
substitutions of aPP-derived folding residues decrease bind-
ing if they are located in the center of the hydrophobic core,
whereas those located near the termini do not. Overall, the

hydrophobic core based on the crystal structure of aPP. Thisaffinity of variants for the Menga 11, domain ranged from
structure shows a core composed of side chains from residue®).8 to > 77 uM (AGuena from —8.3 to> —5.6 kcatmol™2),
at positions 5, 7, and 8 on the aPP PPII helix and residuesand AAGyena ranged from 0.2 to 3.1 kcahol ™™ In a

17, 20, and 24 on the-helix; these positions correspond to

previous study of p007 (an aPP-based miniature protein

residues 4, 6, 7, 16, 19, and 23 on pGolemi (Figure 1). Thesegenerated through a combination of design and evolution),

eight variants displayed widely varying affinities for Meng..
Variants P1A, P4A, and Y26A formed complexes with
Mena_112 the stabilities (0.8M =< Ky < 3.3uM) of these
complexes were virtually identical to that of the correspond-
ing pGolemi complex. Variants L16A and V29A, however,
formed complexes having stabilities that were moderately
destabilized (14«M =< Kq < 29 uM), and variants L7A,
L19A, and L23A formed complexes having stabilities that
could only be estimatedKg = 50 uM). In summary,
substitution of ActA-derived residues of pGolemi located

affinity of the alanine variants for specific hsCRE DNA
ranged over 1.5 Ky = 692 nM (AGpscre= —12 t0 —8.4
kcakmol™) (54). It is notable that despite having dramatically
different targets, variants of both miniature proteins cover a
similar range of binding energy differences.

Analysis of VASP Binding by pGolemi VarianiBhe
affinity of each pGolemi variant for the EVH1 domain of
VASP (VASP.-115) was also determined using tryptophan
perturbation analysis, as described above for Mena
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Ficure 1: pGolemi variants and controls studied in this work. (A)

Model of pGolemi structure obtained by substituting residues on
aPP (PDB code: 1ppt). Shown in lines are the side chains of the

residues that were changed to produce variant molecules. Residue

in blue contribute to the aPP hydrophobic core, whereas those in
red or magenta are derived from the sequence of Ace image
was rendered in PyMol (Delano Scientific). (B) Sequence alignment
of aPP and ActAy (proline-rich repeat 1, residues 26274) used

to design pGolemi@5). A schematic representation of the aPP
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secondary structure is shown above the corresponding primaryHGyRE 2: Histogram representing the relative affinities of pGolemi
sequence. Color coding is as described in (A). (C) Sequence varants for (A) Mena 1, (B) VASP,-115 or (C) Evh-115 Colors

alignment of aPP and ActA (proline-rich repeat 2, residues 299
309) used to design pGolemi-2.

(Table 1; Figure 2B). Four variants (P3A, P7A, F19A, and
V29A) reproducibly showed ill-behaved binding to VASRs
and were not included in the analysis. Ten of the remaining
variants bound VASP115as well as or better than pGolemi
(Kg = 13 £ 2 uM) with affinities ranging from 1.3 to 10
uM (Figure 2B). The highest VASPis affinity was
observed with variant T5AKy = 1.3+ 0.2; AG = —8.0
kcal-mol™t). Substitution of leucine at position 5, in contrast,
gives a variant with the same affinity for VASR;s as
pGolemi, within error, indicating that the residue identity at
that position is important for VASP,;5 affinity. Of the
substitutions that lead to decreased VASE affinity, two
are for ActA-derived residues of pGolemi (F2A and P6A)
and three are for aPP-derived folding residues irpteslix
(L16A, L23A, and Y26A). For the three-helix residues,

are described in Figure 1. Values of free energy were calculated
from the relationshipAG = —RT In K. Stars denote complexes
having affinities that could only be estimated. We note that in the
case of two pGolemi variants, P7A and F19A, the increase in EVH1
domain fluorescence expected with increasing ligand did not
resemble the expected sigmoidal curve, possibly due to ligand
aggregation.

affinity for Evl;—115is T5A (Kg = 13+ 2 uM; AG = —6.7
kcakmol™1). The corresponding leucine variant, T9q(=

22 + 1 uM; AG = —6.4 kcalmol™?), has lower affinity.
This sensitivity to minor perturbations reveals a subtle role
for this position on Euvl-135 affinity. Other variants that bind
Evl;—115 in the 206-50 uM range include P1A and P4A
(substitution of aPP-derived folding residues in the PPII
helix); F2L, E9A, and E10A (ActA-derived residues); and
Al1L (aPP-derived nonfolding residue). Of the variants that
display low affinity for Evh_115 by tryptophan perturbation
(Kq > 50 uM), two have substitutions within ActA-derived
residues (F2A and P3Z) and three have changes in aPP-

only an upper limit was reported because the upper plateauderived folding residues (P4Z in the PPII helix; L16A, L23A,

of the binding curve is not reached.
Analysis of il Binding by pGolemi VariantsThe affinity
of pGolemi variants for the EVH1 domain of Evl (Bvlis)

and Y26 A in thea-helix).
Analysis of Paralog Specificity: Menarsus VASPThe
relative affinity of each variant for Mena and VASR s was

was also measured by tryptophan perturbation, as describedompared to gain insight into the relative contribution, direct

above for Mena 11, (Table 1; Figure 2B). Five variants
showed ill-behaved binding to Bvhisand were not included
in the analysis (P3A, P6A, P7A, F19A, and V29A). Although
pGolemi does not detectably bind to Evhs up to 100uM
(AGpmena > —5.5 kcatmol™), eight variants with single
amino acid substitutions show moderate affinity for this
domain (Figure 2C), ranging from 13 to 481 (AGyena=
—6.7 to —6.0 kcalmol™t). The variant with the highest

or indirect, of each amino acid substitution to the overall
paralog specificity of pGolemi. The variant having a
specificity profile that most closely resembles that of
pGolemi (AAGsp menavase = —1.8 kcatmol™) is Y26A
(AAGsp Menavasp < —1.7 kcatmol™1). Other variants ex-
hibiting similar selectivity include P1AXAGsp mena-vasp =
—1.1 kcatmol™), E9A (AAGsp menavase = —1.3 kcal
mol™), F2L (AAGsp menavase = —1.3 kcatmol™), and T5L
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(AAGsp menavase = —1.1 kcatmol™). The data suggest that
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residues (P1AAAGsp menaev = —1.9 kcalmol™; P4A,

the residues substituted in these cases do not contributeAAGsp venaev < —1.5 kcatmol™) and a nonfolding residue

significantly to paralog specificity.

pGolemi variants having specificity profiles that differ
from that of pGolemi fall into three categories. First,
decreased affinity for both Mepa i, and VASR_115 (Kq >
50uM) is seen for two variants, F2ANAGsp mena-vase = 0
kcalmol™1) and L23A (AAGsp menavase < 0.3 kcatmol™1).

(T5A, AAGsp venaev = —1.0 kca+mol‘l; T5L, AAGsp MenaEvi

= —1.5 kcatmol™). Reduced specificity is also observed
upon substitution of an aPP-derivaeehelix folding residue,
L16A (AAGsp venaevt < —0.7 kcatmol™?), resulting from
decreased Menay;; affinity. In contrast, the loss of specific-
ity of a variant in which an aPP-derived nonfolding residue

This paralog-independent reduction in specificity, resulting is changed, A11L AAGsp vena-evt = —0.4 kcalmol™), is
from changes in both a presumed direct binding residue the result of a concurrent increase in Evis affinity (Kq =
(Phe2) and a folding residue (Leu 23), emphasizes the role23 + 10 uM) and a decrease in Mena affiniti{ = 12 +

miniature protein fold in controlling the fidelity of EVH1
domain interactions.

2 uM). To summarize, the data suggest that the identity of
residues throughout pGolemi affect Mena-Evl specificity

Paralog-dependent differences in affinity arising from an primarily through modulation of Evl affinity (F2L, E9A,

increase in affinity for VASPE-115that may be coupled with

E10A, P1A, and T5A), Mena affinity (L16A), or both

decreased affinity for Menay ;> are seen in a second category (A11L).

of variants. The most striking examples are T5A and A11L,

Alternate Designed EVH1 Domain-Specific Miniature

which have specificity profiles that are the reverse of Protein: pGol-2.We also explored an alternative design,

pGolemi's (AAGsp venavase Of 0.3 and 0.2 kcamol™?,

pGol-2, that differs from pGolemi in terms of how the

respectively). We note that both T5A and A11L are altered sequences of ActA and aPP are aligned and by the addition
at aPP-derived nonfolding residues. Two other variants that of a glutamate residue at the N terminus that has been shown

show less dramatic effects are P3¥AGsp venavasp = —0.6
kcakmol™%) and E10A AAGsp menavasp = —0.4 kcatmol ™),

to improve the affinity of peptide ligands for EVH1 domains
(46) (Figure 1B). Interestingly, pGol-2 shows the reverse

which have substitutions at ActA-derived residues. In specificity profile of pGolemi (Table 1): no binding to

contrast, modestly reduced affinity for both Mena, and
VASP;_1;5 is the hallmark of a third category of variants.

Mena-112is detected at concentrations as high as 400
whereas the VASR;;s affinity is comparable to that of

For example, variants P6A and L16A both show moderate pGolemi. Moreover, the affinity of pGol-2 for Euliss is

affinity for Menai—112 (Kgmena= 9 &+ 2 and 14+ 3 uM,
respectively), whereas VASR;s affinity is decreased
(Kgvasp= 34 4+ 3 and>50uM, respectively). The resultant

specificity phenotype is therefore similar to but less pro-

nounced than that of pGolemhAGsp vena-vase = —0.8 kcat
mol~* for P6A and<—0.7 kcatmol™! for L16A). The data

higher than that for any of the pGolemi varianks & 10 +
2 uM).

Secondary and Tertiary Structures of pGolemi Variants.
Thea-helical content of each pGolemi variant was measured
by circular dichroism (CD) spectroscopy, and the mean
residue ellipticities at 222 nm (MRE) for each are reported

suggest that the residue identities at positions 3, 5, 10, andin Table 1. In general, variants that retain significasttelical

11 contribute to paralog specificity primarily by modulating

character at 25°C also melt cooperatively. With the

affinity for VASP;—115 whereas those at positions 6 and 16 exception of variant EQAT,, = 54 °C), none of the variants

affect affinity for both Mena-;1, and VASR-13s.
Analysis of Paralog Specificity: Mengersus kl. The

are better folded than pGolemi{ = 42 °C). As expected,
substitution of aPP-derived folding residues in variants P1A,

same approach was taken to evaluate the relative roles ofP4A, P7A, L16A, F19A, L23A, and Y26A leads to a
each amino acid substitution in determining specificity dramatic decrease m-helix secondary structure. pGol-2 is

between Mena;,and Evl_1;s Several variants recapitulate
the pGolemi specificity profile (i.e.Kqmena < Kdev),
including P3Z AAGsp menaev < —1.8 kcatmol™), P4Z
(AAGSP Menatvl < —1.8 kC&*mOl_l), and Y26A @AGSP Mena-Evl

< —2.3 kcalmol™), but none show the same dramatic
difference in affinity between Menay;, and Evi_115 as
pGolemi AAGsp yenaev < —3.1 kcatmol™). This observa-

also well folded, with a greatar-helix content (MR, =
—20386 degcn? dmol ) and a higher melting temperature
(Tm = 50 °C) than pGolemi.

Effect of pGolemi Variants on L. monocytogenes Motility.
The bacteriumL. monocytogeneschieves motility by
recruiting Ena/VASP proteins through a direct interaction
with theL. monocytogenesell surface protein ActA. A cell-

tion suggests that these three residue positions are nofree assay fok. monocytogenemotility in X. laevis oocyte
implicated in Mena-Evl specificity. As was seen in the Mena- extract has provided a valuable model system for studying

VASP analysis, substitution of Phe2 or Leu23 for Ala

mechanisms of actin cytoskeletddt( 6. In previous work,

decreases Mena-Evl specificity by a paralog-independentwe reported that the presence of-1Z¥ uM pGolemi

mechanism in that affinity is 50 «M for both domains. This

decreased the speedlofmonocytogenasotion inX. laevis

result further underscores the importance of the residueoocyte extract §5) by 68%, consistent with the work of
identity at these positions in establishing basal EVH1 affinity. others in which the EVH1 binding motifs were removed from
Variants with substitutions for other residues also maintain ActA (70—73) or when Ena/VASP proteins were removed
the general specificity profile of pGolemi but exhibit a range from cell extracts T4). Additionally, pGolemi caused

of intensities. An increase in affinity for Emlis ac-
companied by little or no difference in Menay affinity is

extreme speed variation and the formation of discontinuous
actin comet tails. In contrast, the addition of a nonspecific

seen in variants with substitutions for ActA-derived residues EVH1 domain ligand, an 11-residue peptide derived from

(FZL, AAGsp venaev = —1.9 kC&ImOl_l; E9A, AAGsp vena-Evi
= —2.2 kcatmol™; E10A: AAGsp venaev = —1.9 kcat
mol™), as well as for an aPP-derived PPII-helix folding

the proline repeat region of ActA, at the same concentration
results in a speed reduction of 858b(69) with no observed
speed variation. We hypothesized that the discontinuous tails
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might result from the high paralog specificity observed in
vitro. To test this hypothesis, a selection of miniature proteins
showing a range of affinities toward the EVH1 domains of
Mena-112, VASP;_135 and Evi-;;5 were analyzed for their
effects on L. monocytogenesnedian speed and speed
variability (maximum/median speed ratio) (Figure 3). Under
control conditions (aPPs1, or no miniature protein ligand),
the median bacterial speeds is 0£®.03um s*, which is
comparable to literature reports of 0.400.01um s (68),

and the speed variability ratio is 1.200.08. In the presence
of 10 uM pGolemi, the median speed is reduced by 83%, as
reported previously (0.01% 0.005,n = 46) (66), and the é 4 é '}
speed variability ratio was higher than that of all tested ]
miniature proteins (3.3 0.8). At 10uM, only variant F2L 7 5 5.7 5 5
showed a significant reduction in median speed (69%; 0.03 AG (VASP1-112) (kcalemol-1)
+ 0.01um s, n=62) and an increase in speed variability
(2.0 £ 0.4) (Figure 3A). Surprisingly, pGol-2 at 16M
caused a significanp(< 0.01) increase in median speed of
38% (0.14 + 0.03 um s, n = 39); however, speed
variability was similar to that of the control. At 100M,
pGolemi, F2A, and T5L showed a significarg & 0.01) . .
decrease in median speed (pGolemi, 408.01um s™%, n -7 -6 57 -6 -5
— 27; F2A, 0.02+ 0.01um s %, n = 41; T5L, 0.06+ 0.02 AG (Evl1-112) (kcalsmol-1)

um st n = 23) accompanied by an increase in speed FIGURE4: Quantitative analysis df. monocytogenemotility as a
variability (pGolemi, 3+ 1; F2A, 2.3+ 0.6; T5L, 1.9+ function of EVH1 domain affinity. Plots of (A) median speed and

. 1 (B) the ratio of the maximum to median speed in the presence of
0.2). F2L caused a decrease in speed (&:0B02um s, 10 or 100«M miniature protein are shown as a function of EVH1

n= 28), but speed variability was comparable to that of the domain affinity. Error bars represent the 25th)(and 75th )
control. In contrast, AL1L and pGol-2 both caused significant percentiles of moving bacteria.

(p < 0.05) increases in median speed compared to controls

at this concentration (A11L, 0.1% 0.02um s, n = 21; Plotting speed or speed variability against EVH1 domain
pGol-2, 0.160+ 0.006um s %, n = 7), with speed variability  affinity for these selected miniature proteins reveals unex-
comparable to that of the control. pected trends (Figure 4). Increased affinity for Mgna
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Ficure 6: Time-lapsed images of. monocytogenesnotility
R2 = 0.53 | visualized using (A, B) rhodamine-labeled phalloidin to visualize

=
o

R2=0.86

o
2
E |
5 01 d / the actin cytoskeleton or (C) pGolei Time-lapsed images were
2 o1 J taken at 25 s intervals under fluorescence illumination. (A) In the
-3 /‘/*( absence of pGolemi,. monocytogene®lack rods) moves rapidly
< 0.051 1 | 4 at steady state. (B) In the presence of /ZIVI'pGoI.eml, L.
© monocytogenesioves slowly and actin tails are discontinuous. (C)
2 0.4 3 2 4 0 1 24 3 2 4 0 1 2 pGolemf (white) at 27uM is integrated into the actin tail in a
= AAG (Mena/Evl) (kcalsmol-1) discontinuous pattern.
02 R2=0.79 R2=0.36 I affinity. There is no obvious relationship between VASIs
0.151 1 - m affinity and the motility ofL. monocytogenea these assays.
011 ¢ |/| ; The median speed and maximum/median speed ratios were
0,05 / | I also plotted against the EVH1 domain specificity of each
‘ ¢ * miniature protein or variant for pairs of EVH1 domain
0 Y 5 7 5 paralogs to identify relationships between specificity and
AAG (VASP/EvI) (kcalsmol-1) aberrantL. monocytogenesnotility (Figure 5). A strong
linear correlation was observed for both metrics a0
miniature protein, indicating that high specificity, particularly
B 10 uM ligand 100 M ligand modest binding to VASP1:5 and especially Eyliss, is
related to decreased speed and increased speed variability.
These observations hold but are less striking for assays
* conducted using 100M ligand.
' . pGolemi Localizes to the Actin TaiBacterium Interface.
R2 = 0.44 T A fluorescently tagged analogue of pGolemi was used to
- monitor localization under the conditions of the mono-

2 A 0 AAG EMenafVA_ZSP] (k_::al'mgl"') ! c cytogenesmotility assay. At a concentration of 2iZM,

pGolemf“ appeared as a short, bright tail attached tolthe

| monocytogenesell surface (Figure 6) that elongated as the
* bacterium accelerated forward. The observation that pGolemi,
ﬁ I.\ a

a ligand for the EVH1 domain of Mena, localizes to the actin
surface at the interface between the bacterium and the comet

Maximum/Median Speed
[a%] [5] L=

RZ =0.67 |R2 = 0.50 tail is in agreement with previous studies that show that Ena/
%3 2 4 0 1 24 3 2 a0 1 2 VASP proteins are localized at the distal pole of motile
AAG (MenalEvl) (kcalsmol-1) monocytogenegll, 75, 76, 77). Ena/VASPs act as indirect
4 links by attaching to the proline-rich repeat region of the
] bacterial surface protein ActA through their EVH1 domain
3 l (75, 76) and also to actin filaments through the EVH2 domain
2] ! (74). The tail can also attach directly to the bacterium by
1 .~ ~— binding sites on ActA. The observation of the discontinuous
R2 =0.69 RZ2=0.48 tails in the presence of a specific inhibitor of EVH1 domain
0 K 0 -4 0 interactions suggests a weakening of the Ena/VASP-mediated
AAG (VASP/EvI) (kcalsmol-1) molecular connections between the tail and the bacterium.

FicurRe 5: Quantitative analysis df. monocytogenesotility as a
function of EVH1 domain specificity. Plots of (A) median speed DISCUSSION

and (B) the ratio of the maximum to median speed in the presence . . . .
of 10 or 100uM miniature protein are shown as a function of EVH1 _ PGolemi Contains an aPP-like Fold and Binds the Mena

domain specificity. Error bars represent the 25t and 75th ¢) EVH1 Domain in a Manner analogous to AgtAStructural
percentiles of moving bacteria. (42), biochemical 72, 78), and functional 79, 80) studies

of Ena/VASP proteins have highlighted the critical impor-
correlates weakly with decreased speed and increased speeg@nce of the aromatic residue of EVH1 domain ligands, which
variability of motile bacteria in the presence of miniature contributes to affinity through shape complementarity to the
protein, whereas the reverse trends are observed ferimvl  V-shaped pocket within the binding surface and by setting
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the correct register and orientation of the PPII hel®)(
reviewed in39. For unstructured peptide ligands, the aromatic

Holtzman et al.

direct contact or indirect conformational effects; however,
additional data could provide the necessary insight into the

residue can be substituted for any aromatic residue or leucineseparate or combined functions of these residues. In general,

with little or no loss in affinity 46, 71, 80, 82). pGolemi

residue substitutions that most significantly diminished

shows analogous behavior: the variant containing alanine Mena 11, also decreased the already moderate affinity for

in place of phenylalanine at position 2 (F2A) exhibits a
dramatic loss in affinity for Mena1,, whereas the corre-

VASP; 115 any negative impact on Evl;1s binding could
not be evaluated because of the low affinity of the

sponding leucine variant (F2L) does not. Maintenance of the Evl;—;15pGolemi complex. Variants with improved affinity

type Il polyproline helix conformation is also important for

EVH1 domain binding, but as with short ActA-derived

peptides T1), single amino acid substitutions at residues
Pro3, Pro4, and Pro6 lead only to small reductions in
Mena 11, affinity, indicating that the secondary structure is
not significantly perturbed.

Structural data from CD and AU are consistent with a
model in which monomeric pGolemi adopts an aPP-like fold
in the absence of the EVH1 domain. Substitution of alanine
at pGolemi residue positions that are important for aPP
folding (in variants P1A, P4A, P7A, L16A, F19A, L23A,
Y26A, and, to a lesser extent, V29A) leads to significant
decreases in the MRE signal by CD, consistent with
previous studies on DNA-binding miniature proteiril)

We note that the structure of pGolemi is also sensitive to
the identity of amino acids substituted for Thr5, a position
not previously identified as critical for miniature protein

for both VASR-115and Evl_115 bore substitutions for aPP-
derived PPII helix folding residues (Prol and Pro4), aPP-
derived nonfolding residues (Thr5 and Alall), and ActA-
derived residues (Glu9 and Glul0; Pro3 for VASEs only).
Notably, F2L showed improved affinity for both VASR 15
and Evl-11s Short peptide fragments of ActA studied by
Ball and co-workers46) show the opposite trend in VASP
EVHL1 binding for Phe versus Leu at the equivalent position,
highlighting a difference between miniature protein and
unfolded peptide ligands. The observation that small changes
can improve affinity for VASP-115and Evl-115also points
to the possibility of using phage display to evolve pGolemi
into second generation miniature proteins with high affinity
for these paralogs.

Residues throughout the pGolemi Sequence Contribute to
EVH1 Paralog SpecificityMutational analyses of ActA
peptides and endogenous host cell Ena/VASP binding

folding. This observation suggests that the ActA residues partners indicate that the EVH1 ligand is (D/E)(F/L/W/Y)-
grafted onto the aPP scaffold have resulted in differences inPX¢PX;—3 (abbreviated FP4), where X is any amino acid

the packing of the miniature protein’s hydrophobic core,

and ¢ is hydrophobic 71). Short peptides containing this

which likely results in altered presentation of surface residues consensus bind EVH1 domain paralogs with similar affinities
as well. Any effect the substitutions have on the aggregation (46, 65, 71). Ball and co-workers compared the binding of

state is not known.

the EVH1 domains of Mena and VASP for-@3 residue

Residues throughout the pGolemi Sequence Contribute toActA peptide variants by fluorescence perturbation and found

EVH1 Domain AffinityEvery pGolemi variant except P1A,
T5L, and E9A exhibited decreased affinity for Mena..
Among variants containing alanine in place of a residue
derived from ActA, significant loss of binding was observed
only upon alteration of Phe2, the key aromatic residue from
the binding epitope, and Pro6, which is located centrally
within the pGolemi sequence. Substitution of the remaining
ActA-derived residues resulted in only minor losses in

binding energy, consistent with the observations of others,

that the interaction with Mena, 1, was universally of higher
affinity (46). Truncations at the termini as well as single
amino acid substitutions decreased affinity for both Menpa

and VASR_1;s Niebuhr and co-workers used solid-phase
binding studies to compare the relative binding of Mena and
VASP to 10-residue peptide ligandg1j and found that
within the core consensus, certain substitutions, particularly
at position 2 but also positions 3, 4, and 6 (pGolemi
numbering), could lead to selectivity between Megna and

suggesting that these residues serve a scaffolding role toVASP;_115 The pGolemi variants in our study all showed

maintain the epitope’s secondary structué?, (45, 72).
Analysis of the effects of altering aPR-helix-derived

the general trend of higher affinity for Menai, than for
VASP;-1:5 (or Evh-115), with the exception of A11L and

residues shows that three residues located centrally in theT5A.

primary sequence, Alall, Leul6, and Leu23, are important

for binding. Leucine substitution for Alall does not signifi-
cantly perturbo-helix structure, but alanine substitution for
either Leul6 and Leu23 causes a dramatic logs-helical

The effects of single amino acid changes in pGolemi on
the striking EVH1 paralog binding specificity fall into two
broad groups. Positions at which substitution results in
significantly reduced binding to all three class | EVH1

secondary structure, consistent with the role of these positionsdomains include the key aromatic residue from the EVH1

in packing the hydrophobic core of an aPP-like scaffold in
this and other miniature protein§4). In contrast, variants
with substitutions for aPP-derived folding residues located

binding epitope, Phe2, and the aPP-derigekelix folding
residues, Leul6 and Leu23. Substitutions at the remaining
residue positions show a spectrum of paralog specificity

near the termini of the pGolemi sequence, Prol, Tyr26, and profiles resulting from modulated affinity toward Mena»,

Val29, suffer small or negligible reductions in Mena.,

binding despite the fact that they are relatively unstructured.

VASP;_1;5 and Evl_115 In general, substitutions for ActA-
derived residues (F2L, P3A and P3Z, P6A, E9A, and E10A)

Taken together with the observation that truncated peptideshad a mild negative effect on Mena;, affinity and a

containing only the PPII helix portion do not bind to
Mena-112 (this work; 65), these data support the notion that
the C-terminal portion of the pGolemi sequence is critical
to Mena_11, affinity. The data leave open to question
whether Alall, Leul6, and Leu23 contribute to binding by

positive effect on affinity for VASE-115 and Evi—115 P6A
is an exception in that affinity is decreased for both Mena
and VASR-1;5 (the effect on Eul-1;5 affinity is not known).
One study of paralog-dependent effects of binding by short
(10 residue) ActA-derived peptide variants showed that the
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F2L substitution (pGolemi numbering), for example, dimin-
ished affinity for VASP 71). In another study of ActA
peptoids containing N-substituted residues at the Pro3
position, species with long, hydrophobic side chains bound
to VASP, but those with short side chains, such as sarcosine,
did not (72). The epitope-derived residues are therefore
important for determining paralog specificity, but sequence
context is relevant. aPP-derived residues also play a role in
paralog specificity. Substitutions for folding residues in the
PPII helix portion of the molecule generally did not affect
(P1A) or slightly decreased (P4A, P4Zz) affinity for Mena.,

but conferred increased affinity for both VASR:s and
Evli-115 The global decrease in EVH1 affinity of variants
with substitutions for twoo-helix folding residues (L16A
and L23A) exemplifies the paralog-independent role of these
residues in specificity; on the other hand, the Y26A substitu-
tion resulted in an enhanced version of pGolemi’s paralog
specificity profile, with only a slight decrease in Mana.
affinity but no detectable binding to either VASR;s or
Evl;-115 up to at least 5M. Two additional aPP-derived
residues, Thr5 and Alall, were also implicated as major
determinants of paralog specificity by modulating affinity
to all three domains by increasing affinity for both VASRs

and Evi-115 while slightly decreasing Menay i, affinity.
These data provide evidence that pGolemi residues outside
the binding epitope have a spectrum of roles that subtly
influence paralog specificity.

Overall, the analysis of pGolemi specificity provides a
detailed map of the effects of residue substitutions on basal
EVH1 domain affinity as well as paralog specificity. The
importance of the context of epitope presentation (i.e.,
unfolded peptide vs miniature protein) in specificity is
highlighted by the observation of sometimes contradictory
effects of analogous substitutions across different studies of
EVH1 domain-ligand interactions. This data collection will
be invaluable in guiding the design of miniature protein
libraries for the purpose of discovering molecules with
desired interaction specificity profiles.

Limited Relationship between Mena, but Not VASP «y E
Affinity and o-Helix Secondary StructureCocrystal struc-
tures of the EVH1 domains of Mena and Evl in complex
with short ActA peptide ligands show that the peptide adopts
a type Il polyproline helix secondary structure conformation
(42, 45). o-Helical epitopes having restricted conformations
because they are presented in the context of a miniature
protein 64) pay a lower entropic cost upon binding to their 35 25 15 05 05
cognate domains because they are prestructured. In contrast, AAGMena/Evl (kcalemol-1)

short peptidesX 10 residues) containing sequences with a . . . - .

! d formina tvoe Il polvproline helices can FiIGURE 7: Relationship between (A) miniature protein secondary
propensity towar Ing typ polyp! " structure (MREy) and binding free energy of complexes with
spontaneously adopt this conformation in aqueous solution Mena_,1, VASP;_1:5 and Evi_11s (B) Relationship between the
(37). Our initial report of pGolemi design, structure, and affinity of a miniature protein for Menaii, or VASP,_1;5and either
function showed that the portion of the molecule derived MenaHl{:{]ASPl_,lls Of_dMeS@t_—tlltz/(EjVE—tﬁs Spe_f_'f'c'ti’]- '—ett\e/fs_ .

_ ; ; —1 represen € amino acld substituted ai € posiuon snhown. Variants
from thec: hel!x O.f aPP conFrl'butes at Ieas; 3.5 keal containing substitutions derived from ActA are shown in red (FP4
to Mena-11, binding 695), raising the question of whether o6y or pink (flanking acidic residues). Variants containing
the a-helix plays an analogous role in prestructuring or substitutions derived from aPP are shown in blue. Other variants
whether some other mechanism is involved. We investigatedare in yellow. pGolemi is shown in white. Stripes represent variants
plotting the intensity of thex-helix signature (MRE,) of
the pGolemi variants against affinity for Mana., VASP;-115, secondary structure in the absence of bound EVH1 domain
and Evi_1;5 (Figure 7). also possess the highest affinity for Menas (Figure 7A).

Examination of the data in Figure 7 suggests that, in There are three clear outliers to this trend: F2A and A11L,
general, pGolemi variants possessing high levels-bElix which are well folded but bind Mena 15 with low affinity,

i [ [
| [=2] [42]

AGMena (kcal'mol-1)

AGVASP (kcal'mol-1)

AGEy| (kcalsmol-1)

[s]
-20 15 -10 -5 0
MRE222 (103+degecm2+dmol-1)

i
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and P1A, which is poorly folded but binds Meana s well.
If, as argued above, pGolemi and Agthind Mena-1;5in

Holtzman et al.

halted motility, but microinjection of poly-proline led to
increased tail length and bacterial speé€)(Niebuhr and

a similar manner, then Phe2 is involved in direct contact co-workers’ engineered. monocytogenes® lack the EVH1

with the domain, so low affinity of F2A results from

domain binding site of ActA and demonstrated that the

disruption of a key epitope residue and not from loss of bacteria could still accumulate actin at their surfaces but at
structure. In the case of Alall, substitution for leucine does a reduced level7l). Actin was eventually able to polarize
not reduce folding; however, changing the identity of the and form a stubby tail, which allowed motility to proceed at

side chain at this position results in modulated affinity for

a dramatically reduced speed. Our observation that pGolemi

concluded that Alall also contacts the domain surface. Ingnq also causes a decrease in median speéd mbnocy-

the case of P1A, given that the 11-residue truncated VerSiontogeneSs therefore in agreement with the work of others in

of this variant does not bind Mepa,, the likely role of
this residue is primarily in maintaining the folded structure
rather than in direct domain contact. Because Mena

that EVH1-ACtA interactions are required to maintain speed.
Discontinous actin tails have been observed in previous

binding is very sensitive to other substitutions that disrupt Studies ofl.. monocytogenesotility at steady state using a

o-helix structure, it may be that this particular variant can

variety of systems, including cell culture infection and cell

fold upon binding with the energetic cost being paid by the €xtracts €1, 62), as well as in the context of ActA-coated
increased availability of ligand conformations that are highly Peads, where motility was reconstituted using purified

favorable to Menga. 11, binding. Alternatively, P1A might
remain unfolded even after binding, the high affinity arising

proteins 63). The first example was described by Lasa et
al. as a result of the deletion of residues—2¥ of ActA,

from the fact that more of the hydrophobic area of the the site of interaction with the actin branching and nucleating
molecule is exposed, thus allowing nonspecific interactions Arp2/3 complex 61). Lauer et al. observed this phenotype

to form following the initial recruitment effected by the FP4

in an alanine scanning of the charged residues of the ActA

core. Overall, the data support the claim that the presentationprotein in the region that spanned from 165 to 260, which is

of the EVH1 domain binding epitope in the context of an
aPP scaffold results in improved affinity for Mana,
through stabilization of the tertiary structure, which in turn
emerges from the synergistic interactions of thend PPII

outside the polyproline-rich repeat region {6390) 62). In

63, discontinuous tails were seen when monitoring the
motility of ActA-coated beads in a reconstituted motility

medium lacking VASP in a reconstituted motility medium.

helices. In contrast to the positive trend between structure Qur results specifically implicate the EVHACtA interac-

and Mena-;1, binding, no such relationship exists for either
VASP;_1;50r Evli—135 This suggests that, as was seen with
in vitro evolution of p007 %3), maintaining or restoring
structure will be an important consideration during future
efforts to generate high-affinity miniature proteins for the
other EVHL1 paralogs. Plots of the-helicity of pGolemi
variants and their specificity reveal no correlation.

Direct Relationship between Affinity and Specificithe

tion in this phenotype. More recently, a study of the process
of initiation of Listeria motility showed that hopping is in
fact a characteristic step in the transition between polarized
actin cloud formation and the establishment of tails that can
maintain persistent speed and directid®¥)( Actin ac-
cumulates at one of the poles and bacteria start to move
forward with a sudden burst of speed that breaks the link
with the tail. Bacteria come to a complete stop upon collision

data suggest that there exists a direct relationship betweeny i, 4 physical obstruction in the medium, and the process

the affinity of a pGolemi variant for Menay ;s and its ability
to discriminate Menga1;, from the other EVH1 paralogs

(Figure 7). Such a relationship has also been observed for

the miniature protein p007, which binds DNA with high
affinity and specificity, as well as in a wide range of other
systems, ranging from selective binding of Neersus K
(85) to affinity-matured antibodies8g) to RNA aptamers
(87). The laws of thermodynamics do not explicitly supply
a connection betweeNGyiena and AGspes however, in all

of these cases, the relationship has been rationalized on th

repeats until a long, weak tail develops that eventually
matures into a robust tail capable of maintaining speed and
directionality. In that study, disruption of the EVH1 binding
site by mutating the key Phe in the binding epitope of ActA
showed an effect similar to treatment of wild-type
monocytogenesith pGolemi in that erratic hopping motility
persisted and tails did not follow through the maturation
process. In all of the cases of discontinuous tails, an
balance between the propulsive and retarding forces is

basis of ligand preorganization. This relationship also leads K€y responsible for trapping the bacteria or bead in an

to the conclusion that by presenting a naturally evolved

epitope fragment that binds with relatively high affinity to a
protein domain in the context of a well-folded scaffold, a

new dimension of specificity can be added to the ligand’s

functional characteristics.
Aberrant Motility of Listeria Is Correlated with EVH1
Paralog SpecificityThe use of peptides to perturb protein

intermediate stage of tail development. For the cases where
Ena/VASP-ACctA interactions are implicated, the imbalance
may be due to bursts of propulsion by rapid actin poly-
merization, partially overwhelming the weakened molecular
connection between the tail and the bacteria or bead. The
clear correlation between the effect of pGolemi bn
monocytogenesotility and the miniature protein’s in vitro

protein interactions is an established approach that has beeproperties as a paralog-specific inhibitor of proteprotein
used to provide important insights into the mechanisms of interactions taken together with the fact that hopping motility

cytoskeleton control, and the motility &f monocytogenes
in particular. In 1994, Southwick and co-workers reported
that microinjecting an FPcontaining peptide into PtK2 cells
infected withL. monocytogendslocked tail elongation and

is a stage in the tail maturation process suggests that the
different Ena/VASP paralogs may not play equivalent roles
in the transition from the initiation phase to robust motility.
Future work will explore this hypothesis further.
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