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Abstract

Artificial minielastin constructs have been designed which replicate the structure and function of
natural elastins in a simpler context, allowing the NMR observation of structure and dynamics of
elastin-like proteins with complete residue-specific resolution. We find that the alanine-rich
crosslinking domains of elastin have partially helical structure, but only when capped by proline-
rich hydrophobic domains. We also find that the hydrophobic domains, composed of prominent 6-
residue repeats VPGVGG and APGVGV found in natural elastins appear random coil by both
NMR chemical shift analysis and circular dichroism. However, these elastin hydrophobic domains
exhibit structural bias for a dynamically disordered conformation that is neither helical nor beta
sheet with a degree of non-random structural bias which is dependent on residue type and position
in the sequence. Another non-random-coil aspect of hydrophobic domain structure lies in the fact
that, in contrast to other intrinsically disordered proteins, these hydrophobic domains retain a
relatively condensed conformation whether attached to crosslinking domains or not. Importantly,
these domains and the proteins containing them constrict with increasing temperature by up to
30% in volume without becoming more ordered. This property is often observed in non-biological
polymers, and suggests that temperature-driven constriction is a new type of protein structural
change that is linked to elastin’s biological functions of coacervation-driven assembly and elastic
recoil.
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INTRODUCTION

Elastin is nature’s most abundant elastomeric material. It is found in skin, the lung, veins,
and in arteries where its key functional properties are flexibility and reversible recoil. Elastin
evolved in early vertebrates where it provided energy storage for the beating heart in a
closed circulatory system.! The mature elastic matrix is formed when tropoelastin, nature’s
most hydrophobic protein, is exported to the extracellular matrix and undergoes an inverse
thermal oligomerization transition known as coacervation.2:3 Subsequently, desmosine and

isodesmosine cross-links are formed following enzymatic oxidation of lysyl e-amino groups.
4

Natural elastins are organized as tandem repeats of alternating hydrophobic (H) and cross-
linking (X) modules: H-X-H*-X"-....... H*.> Individual modules are coded by separate exons
and contain 9-49 amino acid residues.® Hydrophobic modules are likely responsible for
extensibility and recoil. They frequently contain quasi-repeats of 37 residues that are rich in
hydrophobic amino acids and proline.! Cross-link modules are rich in alanine and contain
the lysyl residues that are post translationally modified to desmosine or isodesmosine that
couple four lysyl side chains in a substituted pyridyl ring structure. A common motif found
in cross-link modules is two lysines separated by two or three alanine residues and preceded
by several more alanines, A,KAy3K.”® An important feature of the elastin matrix is that it
is only elastic if hydrated. Dry fibers are brittle and inelastic and swelling in water
approximately doubles the mass.8:9 While it is generally accepted that elastin is an entropic
elastomer, the molecular basis for entropy increase upon recoil could arise from a decrease
in solvent exposure of hydrophobic residues at the protein:water interface, i.e. from
hydrophobic forces%:11 and/or from an increase in the configurational entropy of the protein
as in rubbers.12

We have previously applied solid-state NMR to natural, hydrated fibrils.13 The degree to
which anisotropic shielding was dynamically averaged, i.e., close to that in isotropic fluids,
was unexpected. Combined with the observation that 13C chemical shifts were close to
random coil values, we concluded that a predominant feature of the natural protein is
dynamical disorder and an absence of stable secondary structure.13 The conclusion that
elastin and elastin-like proteins are intrinsically disordered has been reviewed#1° and
further supported by the observation of vanishing quadrupole coupling from 2H labeled
glycyl residues in natural elastin at 37 °C.16 However, a different conclusion based on
isotropic 1°N chemical shifts observed in cross-linked recombinant elastin has also been
reported.1’
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The analysis of chemical shifts in elastin317 has been based on residue type. A better
analysis requires complete resonance assignments.18 Given the reduced spectral dispersion
of a disordered protein, achieving this in a ~650 residue protein is challenging. Here, we
describe an atomic resolution picture of structure and dynamics based on NMR studies with
sequence specific assignments. These constructs retain the key features of natural elastins
described above, they coacervate and their chemical shifts closely mirror those found in
bovine elastin fibers.13 Cross-linked, these proteins will allow us to study the role of
polymer dynamics in elastin recoil at atomic resolution. This approach complements results
from CD spectroscopy and light scattering methods. In a related paper, we used 2Q filtered
2H NMR techniques to examine the role of the solvent in recoil.1?

Proteins prepared by bacterial expression and labeled with 1°N or 13N and 13C were studied
using multidimensional NMR. Coacervation temperatures were determined and confirm that
these constructs undergo the expected phase transition. Well-resolved solution spectra were
obtained and essentially complete sequence specific assignments have been made using
standard 2D and 3D NMR methods. Secondary chemical shifts and sequential NOEs provide
insight into the conformational space explored by these dynamically disordered proteins at
specific residues in the sequence. Comparison of NMR data from isolated modules with
constructs containing hydrophobic and cross-link modules shows the effect on cross-link
modules of flanking hydrophobic modules and vice versa. Hydrodynamic radii, determined
by gradient NMR methods, show that these proteins are more compact than typical
intrinsically disordered proteins.

Protein Design.

To make proteins that are amenable to NMR studies and to retain key structural properties of
natural elastins, we have combined two approaches. First, quasi-repeats in hydrophobic
modules are replaced by exact repeats. This has been widely implemented in elastin-like
proteins.12:20-26 Examples are high molecular weight polymers with the formula
[(VPGVG)4VPGKG], 2728 in which the cross-link modules found in natural elastins are
replaced by single lysine substitutions at selected sites in the hydrophobic repeats. Second,
to retain the tandem alternation of hydrophobic and cross-link modules, Keeley and co-
workers pioneered the minielastin approach wherein the construct contains a limited number
of naturally occurring modules.29:30 For example, extensive studies are reported for a
construct, 202424, that contains three hydrophobic modules coded by human exons 20 or 24
that flank cross-link modules coded by exon 21 fused with exon 23.31 This minielastin, and
others like it, coacervate (self-assemble) and have native-like mechanical properties when
cross-linked.32:33

The four minielastins and constituent modules that we have expressed and studied are
summarized in Table 1. Hydrophobic modules, 20’ and 24°, contain only the most common
6-residue repeat, VPGVGG or APGVGYV, from the hydrophobic module coded by human
exon 20 or 24.% The number of repeats in each was chosen to approximate the length of the
natural sequence. Average, per residue Kyte-Doolittle hydrophobicities3# of 20” and 24°,
Table 1, are also similar to sequences of 20 and 24 (1.2 and 1.3, respectively). The cross-link
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module, 2123, is that used by Keeley in the 202424 construct. It has two AnKA,;3K
sequences; a motif found in more than half of human elastin’s cross-link modules.” The
other crosslink module used here, X’, contains a single A,KA,;3K motif. Note that 2123 is
homologous to two X’ sequences connected by GVGTP. Minielastins 1-4 combine these
modules in different ways. Protein 1 is closely similar to the extensively studied minielastin
2024243135 Here, we have replaced the naturally occurring hydrophobic modules with the
symmetric analogues, 20’ and 24°. Minielastins 2 and 3 are variations on 1 that increase the
hydrophobicity of the construct by either increasing the lengths of the terminal hydrophobic
modules (2) or decreasing the length of the cross-link modules (3). 4 is a minimalist
minielastin. It has a single type of hydrophobic module, 24’, that is alternated with the short
cross-link module X’. We note that a study of minielastins similar to those studied here was
recently published by Sharpe and coworkers36 with some results that differ from those
reported here. The minielastins differ from those studied here in two ways. The hydrophobic
modules have a 5-residue repeat (VPGVG) and the terminal modules are cross-link rather
than hydrophobic modules.

Coacervation Temperatures, Te.

The inverse transition, coacervation, observed in tropoelastin, minielastins and elastin-like
proteins, is fundamental to the formation of an elastic matrix. It is generally assumed to be
an entropy driven, hydrophobic collapse.3” Transition temperatures of 1 -4, Table 1, have an
order consistent with the overall hydrophobicity of the construct and the number of residues
in the hydrophobic modules. Relative to 1, constructs 2 and 3 have lower T.’s by 20 °C and
8 °C, respectively. Thus, doubling the length of the terminal hydrophobic modules (2) has a
greater effect on T than decreasing the length of the less hydrophilic cross-linker (3) by
approximately the same amount. Similarly, the molecular weight and the number of residues
in the hydrophobic modules of 4 is intermediate between 2 and 3 and its T, is intermediate
between 2 and 3 even though 4 is more hydrophobic than 3. A similar lowering of T with
the molecular weight of elastin-like proteins was reported by Chilkoti and coworkers.38
Compared to the closely related minielastin 202424, T = 29 °C, the transition temperature
of 1 is significantly higher, 52 °C.3135 The increase in T; is the result of the modestly
shorter lengths of 20” and 24’ compared to 20 and 24 (30 and 45 residues compared to 35
and 49 residues), and the lower hydrophobicity of 20" compared to 20 (1.2 and 0.9).

Circular dichroism spectroscopy.

CD spectra of minielastins 1-4 and constituent modules, Figure 1, are characteristic of CD
spectra from other minielastins, tropoelastin and many intrinsically disordered proteins.
31,3940 These spectra have two features: an intense negative peak near 200 nm and a less
intense, negative shoulder centered near 222 nm. For example, the spectrum of 1 has values
of 8,00 and 6, that are closely similar to those reported for the minielastin 202424 31 and
to tropoelastin, albeit 8,500 and 6,9, are somewhat less negative. Also like tropoelastin, 8,qq
values decrease in magnitude when T is increased, Figures 1c,d.

In favorable cases, protein CD spectra can be deconvoluted into the percentages of helical,
sheet, turn and unordered secondary structures present in the protein. We have used two
algorithms with basis sets that include spectra of intrinsically disordered proteins. 4143
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Averaged over 1-4, we find 7 £ 5% helix, 22 + 8% sheet, 23 + 7% turn and 52 + 10%
unordered. Differences among the four minielastins are obscured by the range of results
obtained using different algorithm/basis set combinations and this uncertainty is similar to
the wide range of percentages reported from CD studies of tropoelastin, 3-10% helix, 30—
45% sheet, 17-26% turn and 21-55% unordered.*0-44-46 Thus, reliable interpretation of CD
spectra of these proteins is difficult. Note also that CD spectroscopy operates on a time-scale
that is fast compared to protein dynamics, i.e., spectra of transient secondary structures are
captured. In one case, CD analysis of a dynamically disordered elastic protein significantly
overestimated the amount of secondary structure measured by other techniques.4’

Uversky proposed an alternative analysis.3? Intrinsically disordered proteins are categorized
as “mostly unfolded” or “showing signs of residual secondary structure” based on the
following intensities of the 6,09 and 8,,, features: The former have 8,¢q (deg/dmole) from
—21700 to —16100 and 625, from —2400 to —1000 while the latter have 65g¢ from 12000 to
-19400 and 6,2, from —5000 to —2800.3° By these criteria, the isolated modules, 2123 and
X’ are unfolded and minielastins 1, 3 and 4 show signs of residual helical secondary
structure. We emphasize that “showing signs of residual helical secondary structure” could
indicate small regions with stable helical secondary structure or a dynamic protein with an
ensemble of structures different from that found in a completely unfolded state. This
underlines the need for a technique that probes structure and dynamics at the residue level
and distinguishes between transient and stable structures.

NMR Structural Analysis — hydrophobic domains.

We have used a combination of 2D and 3D experiments to obtain nearly complete
assignments in the isolated modules 24°, 2123 and X’ and in minielastins 1-4. Missing
assignments are in residues at or near module junctions and a few of the alanyl residues in
2123 cross-link modules. Chemical shift assignments are in the Supporting Information
Table S1-S4 and representative 1°N HSQC spectra are shown in Figure 2. Superimposed on
the spectrum of 4 are spectra of the isolated hydrophobic module, 24’ (blue), and the
isolated cross-link modules, X’ (red), contained in 4.

Chemical shifts are, in most cases, well dispersed and resonances are labeled according to
position in the hydrophobic repeats or the position in the crosslink module, Figure 2. Prolyl
residues, not observed in °N HSQC spectra, were assigned using 3D experiments (see
materials and methods). Assigned chemical shifts are diagnostic of local secondary structure
and NOEs from 3D 1°N-edited NOESY HSQC spectra provide qualitative interatomic
distances. Since up to six backbone atoms (HN, N, Ca, Ha,, Cp and CO) can be observed,
the NMR data is both redundant and residue-specific. Moreover, since the relevant NMR
time scale is slow (< 103 s~1) compared to typical conformational dynamics in proteins, we
unambiguously observe chemical shifts and NOEs that are averaged over accessible
conformations.

In Figure 2, it is seen that the spectrum of the isolated 24’ module superimposes on the
peaks assigned to the same residues in minielastin 4. More generally, we find that Ha,, HN,
Ca, CB, CO and N shifts in the APGVGV repeat are essentially equivalent in the
minielastins 1-4 and the isolated module 24°. Similarly, Ha,, Ca., Cp and CO shifts are
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invariant among the different proteins as are chemical shifts for residues in the 20’ repeat,
VPGVGG, in the three constructs that contain this module, 1, 2 and 3. For the constructs
studied here, we conclude that structural properties of the hydrophobic modules are
independent of whether or not they are flanked by a cross-link module or by the sequence of
the cross-linker.

Unlike the hydrophobic modules, all peaks from the isolated crosslink modules do not
superimpose on the spectra of the relevant minielastin, Figure 2. This is evident for alanyl
residues in the AgKA,;3K motifs. Note also that signals from the first 4 residues, EAQA, of
the 2123 cross-linker are doubled in minielastin 2, i.e., their shifts depend on the preceding
hydrophobic modules, 20 or 24°. Insofar as random coil chemical shifts for these residues
can be accounted for by no more than the two preceding residues?8, the observation that four
residues are affected indicates some level of non-random structure at the beginning of the
cross-link module.

To assess secondary structure in these proteins, we have compared observed with calculated
secondary shifts, Figure 3. Secondary shifts are referenced to random coil shifts that, as the
name indicates, vary in a systematic way with secondary structure. We have used the
sequence-corrected random coil shifts of Poulsen!® and calculated shifts from the homology
based program Sparta.*8 For simplicity, the calculated chemical shifts for helical and
extended sheet structures are averaged over the sequence. Another method for determining
random coil shifts, that of Vendruscolo and coworkers*®, gives similar results with RMS
differences between the two methods of 0.11 ppm for HN, 1.15 ppm for N, 0.41 ppm for
Ca, 0.08 ppm for Ha, 0.35 ppm for CB and 0.56 ppm for CO. Based on this, we use 0.1
ppm for H’s and £0.5 ppm for heteronuclei as reasonable error limits for interpreting
secondary shifts. Amide secondary shifts are not discussed further in this context since the
standard deviation for amide nitrogen shifts is larger.

Within these error limits, all secondary shifts are small and comparable to random coil
values for all residues in both the APGVGV and VPGVGG repeats. All observed secondary
shifts exclude helical structure in the hydrophobic modules. However, sheet and other
extended structures like ppll have secondary shifts that are in some cases close to random
coil values. A different structural model proposed for ELP’s has a type Il B—turn at the first
three residues.12 With this feature incorporated into the repeats studied here, calculated
secondary chemical shifts are small only at the prolyl residue. i.e., the chemical shift data
does not support this model for these minielastins. Note that the large downfield shifts of
V1,20 and Al,24 or the upfield shifts of G3,20 and G3,24 relative to other alanine, valine or
glycine residues in these proteins, Figure 2, is accounted for by their position in the
sequence, before or after proline, and do not indicate a conformational preference different
from that in short, unstructured peptides.

NOE intensities, related to the distance between proton pairs, are complementary to the
chemical shift results. Compared to spectra of proteins with unique structures, the number of
NOEs observed in 1°N-edited NOESY HSQC spectra of these proteins is small. This
indicates significant conformational averaging, i.e., a dynamic ensemble of structures. Since
a small number of NOE constraints are observed and a potentially large number of structures
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are to be determined, simplifying assumptions must be made to understand the available
data. We assume that the NOE data provides qualitative populations of the conformations
associated with secondary structures found in known proteins.59-52 These are conveniently
visualized as localized regions in Ramachandran plots. Proline aside (it has no amide
proton), three residue types need to be considered; glycine, residues before proline and all
other residue types.>%:51 Glycine with the greatest conformational variability is found in
three secondary conformations: extended, right-handed a—helix and left-handed a—helix.
Extended conformation includes B—sheet and ppll since they are similar and not easily
distinguished by a small number of NOE distances. Also, since right-and left-handed a
—helices are mirror images, a glycyl residue in either of these secondary structures will have
the same NOEs. Residues before proline are predominantly found in an expanded sheet/pplI
region and in less populated helix conformation. All other residues are found primarily in
the sheet/ppll and helix regions. Thus, a feasible approach is to compare observed NOEs to
calculated NOEs for residues constrained to sheet and helix conformations.

Strips from the 3D 1°N-edited NOESY HSQC spectrum, Figure 4a, depict backbone NOEs
and longer-range interactions to side chain protons in the hydrophobic modules. Peaks in the
strip plots are color-coded for the intra-residue aN(7,/) NOE (NOE;y; ,red), the sequential
aN(F~1,/) NOE (NOEgeq, green) and blue or black for long range NOEs. Also observed, but
not shown in Figure 4a, are NOEs between HN’s of adjacent residues, NOEyy. The ratios
NOEgeq/NOE;n and NOENN/NOE;y are bar graphed in Figures 4b—e and compared with
“benchmark” calculations for the hydrophobic repeats constrained to helix and sheet/ppl|
(extended) structures. Ratios are used because factors other than inter-proton distances
approximately cancel. Details of the “benchmark” calculations and the distances used that
account for both Ha’s in glycine residues are given in the Supporting Information, Table S5.
The ratios NOEgeq/NOE;nt and NOEnN/NOE;y readily distinguish between helix and
extended conformations and have been used to confirm extended structure in polyalanine
peptides.53 NOEgeo/NOE;p is large for extended and small for helix and vice versa for
NOEnN/NOE;,:. While secondary shifts do not exclude the possibility of extended structure
across the hydrophobic repeats, the NOE results eliminate this possibility since a
predominantly extended conformation is indicated at a single residue, alanine before proline
in 24’. Moreover, a stable structure like the type I B-turn model®* proposed for the structure
of (VPGVG), is inconsistent with both the chemical shift and NOE data. Spectra of stable
structures would have greater secondary shifts and more NOEs. NOEs for all glycine
residues in the both repeats are approximately centered between the helix and sheet/ppllI
values indicating high disorder, i.e., dynamic sampling of both helix and extended
conformations in approximately equal proportion. The smaller preference for extended
conformations, i.e., greater flexibility, in the valine before proline combined with three
rather than two glycine residues per repeat indicates that 20 is more flexible than 24°.
Modeling shows that the long-range NOEs to the G3 HN from Al and V6 methyls (Figure 4
strip plots) are consistent with both helix and extended structures.

Given the high proline content of these proteins, cis X-pro linkages are potentially important
since they cause local straightening of the protein backbone.>2 Cis linkages were identified
by their characteristic downfield shifted 13C signals (34.3 ppm) and upfield shifted 13Cy
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signals (24.5 ppm) relative to the trans prolyl conformation, 32.1 ppm and 27.3 ppm,
respectively (Supporting Information, Figure S1). Peak heights indicate 6-7% cis linkages in
all constructs; a value that is consistent with most proline-containing peptides. Thus,
minielastins 1-4 have 1-2 slowly interconverting cis X-pro linkages each.

NMR Structural Analysis — crosslinking domains.

Secondary shifts for the 2123 and X’ cross-link modules with and without flanking modules
are shown in Figure 5. Unlike the hydrophobic modules, secondary shifts are significantly
affected by the presence of flanking modules. When flanked by 24°, secondary shifts at all
backbone atoms aside from residues at the center of the 2123 sequence deviate from random
coil values in the pattern characteristic of helical structure: Ca and CO (not shown) shifts
are upfield while CB, Ha and HN (not shown) shifts are downfield. Although the secondary
shifts are less than those calculated for a stable, fully formed helix, this characteristic shift
pattern is systematically observed. We conclude that the cross-link motif, AsKA,;3K, lacks
significant secondary structure when not flanked by hydrophobic modules, but when flanked
by hydrophobic modules, it is partially helical. The central YGVGTP sequence in 2123,
similar to a hydrophaobic repeat, is disordered with or without flanking hydrophobic
modules.

Nascent helicity in the cross-link modules is also indicated by backbone NOEs between
amide protons. Specifically, sequential NOEs (NOEyy) were observed with a mix time of
100 ms for residues A2,X’-A6,X" in minielastin 4 (Supporting Information, Figure S2).
Consistent with the formation of a more compact helix-like structure, NOEy values are ~5-
fold larger than in the hydrophobic domains on a per residue basis, i.e., adjacent amide
protons are ~30% closer in the cross-linker. At a longer mix time, 250 ms, the HN(#):HN(/
+2) NOEs were also observed. NOEggq and NOE;n¢ were not resolved due to the small
differences in Ha chemical shifts.

Temperature dependence of structure and H-bonding.

Changes in Ca, Ha and CB chemical shifts are good indicators of structural transitions and
the temperature coefficients of amide proton chemical shifts are useful for identifying
intramolecular hydrogen bonds 356 insofar as significant structural transitions are absent.>’
Superimposed in Figure 6a are 13C HSQC spectra of 4 obtained at 20 °C, 30 °C and 40 °C.
The absence of significant structural transitions from 20 °C to 40 °C is indicated by the
invariance of Ca,, Ha and Cp chemical shifts over this range of temperature. Amide proton
chemical shifts are, however, temperature dependent, Figure 6b (Supporting Information,
Figure S3). Amide protons with intramolecular H-bonds are less susceptible to temperature-
induced chemical shift perturbation than exposed amides H-bonded with water. This
correlation is improved by including HN secondary shifts in the analysis.>” For the proteins
studied here, secondary shifts at 25 °C are negligible for residues in hydrophobic modules or
-0.25 + 0.05 ppm for residues proximal to lysyl residues in crosslink modules (Supporting
Information, Figure S6). With these secondary shifts, intramolecular H-bonding is likely
only in residues with A8n/A 7> —4.6 ppb/K.58 From temperature coefficients for 4, Figure
6c¢, intramolecular H-bonding is likely absent in the hydrophobic modules (=9.6 < ASKN/AT
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< =7.1) and likely present only in the AKAAK sequence in the cross-linker (—4.5 < AN/
AT<-3).

Molecular volume.

The hydrodynamic radius, Ry, is a signature property related to the compactness of a
protein’s structure. Folded proteins are tightly packed and the volume varies linearly with
the number of residues, N, so Ry, # N3, Disordered proteins are not well packed and the
chain trajectory is approximately a random walk so R, ~ N*2.59 These features are well
represented by empirical scaling equations of the form Ry, ~ aNP with parameters (a,b)
determined from databases of proteins with known size and chain length.89:61-63 Molecular
weights determined by equilibrium and velocity AUC, Table 2, compare well with those
calculated from the sequences confirming that the proteins are monomeric at 20 °C and pH 6
phosphate buffer. Hydrodynamic radii of 1-4 determined by AUC at a protein concentration
of ~30 uM and gradient NMR ©4 at ~10-fold higher concentration are in good agreement.
Frictional ratios are greater than 1 and indicate that the proteins are highly elongated and/or
dynamically disordered. Moreover, the observed values, ~2, are in the lower part of the
range found in disordered proteins, 1.6-2.8%° and somewhat larger than tropoelastin, 1.4.56
Consistent with the CD and NMR results, the hydrodynamic radii are significantly larger
than those for well-folded proteins. However, these minielastins are smaller than other IDP’s
with the same chain length, proline content and charge. To further investigate the apparent
compactness of these proteins, we used gradient NMR to see the effects of temperature on
the hydrodynamic radii of 3 and 4. Elevated temperature promotes coacervation in natural
elastins, the poorly understood inverse transition that is required for assembly of the elastic
matrix. While we have not followed this property through the phase transition, we find that
Ry linearly decreases by 7-8% over a temperature increase from 15-40 °C, Figure 6d. While
the decrease in radius is not large, it is reversible and correspond to a statistically significant
volume decrease of 25%.

DISCUSSION

We have described the design and solution properties of minielastins adapted for NMR
studies. Like natural elastins, hydrophobic modules are alternated with cross-link modules.
The hydrophobic modules are repeats of prominent 6-residue sequences found in natural
elastins, APGVGV or VPGVGG, and the cross-link modules contain one or two AsKAy3K
motifs, also prominent in natural elastins. Importantly, these minielastins undergo the
signature inverse phase transition found in natural elastin, coacervation. In the constructs
studied here, the temperatures of the inverse transition, T, varies systematically. Increasing
the length of the hydrophobic modules or decreasing the number of AsKA,3K motifs in the
cross-link module decreases T.

These minielastins yield well-resolved solution NMR spectra that were assigned using
standard 3D NMR techniques. Assignments are complete aside from some residues in the
hydrophobic modules at junctions with cross-link modules and some alanyl residues in the
larger cross-link module. This has allowed us to probe structure and dynamics at the residue
level in proteins that share key features with natural elastins. We expect that chemical shift

J Phys Chem B. Author manuscript; available in PMC 2019 June 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Greenland et al.

Page 10

assignments are transferable to other minielastins built with the same modules. This greatly
simplifies NMR studies.

Disorder in the hydrophobic domains.

Chemical shifts of the APGVGV and VPGVGG repeats are equivalent in all four
minielastins. In addition, chemical shifts are equivalent to those in the isolated, hydrophobic
module. Thus, flanking cross-link modules have little effect on structure and dynamics in the
hydrophobic modules. Secondary shifts for all residues in the hydrophobic modules at Ca,
Ha, HN, CO and CB are close to random coil values and this is sufficient to exclude stable
a-helices and type Il B—turns in hydrophobic modules. Stable extended structures like sheet
and ppll are excluded by comparing the NOE ratios, NOEgeq/NOEjn; and NOENN/NOEjyt,
with calculated values for helix and extended structures. Only the alanine in APGVGV has
an apparent preference for extended structure. Glycyl residues in both repeats show NOE
ratios that are intermediate between compact helix-like and extended structures indicating
dynamical averaging with approximately equal sampling of extended and helical
conformations. Valine residues, are somewhat less disordered with a small preference for the
more compact helix conformations; presumably due to the large hydrophobic side chain.
With greater glycine content and a smaller preference for extended conformation in the
residue before proline, our results indicate that 20° is somewhat more flexible than 24°.
Combined, the results from secondary chemical shifts, backbone NOEs and HN temperature
coefficients all indicate that the hydrophobic modules are dynamically disordered and
devoid of stable secondary structure.

Helical structure in the cross-linking domains.

Chemical shifts of the cross-linkers 2123 and X’ are essentially the same among the
minielastins (aside from four residues at the N-terminal junction) but are different from
shifts in the isolated cross-linker. Thus, flanking modules affect the cross-link modules.
Comparison of secondary shifts in the AsKAy;3K motifs with calculated secondary shifts
indicates that this motif is random coil without and partially helical with flanking
hydrophobic modules. Previously, Tamburro and coworkers studied natural elastin cross-link
domains by CD and H NMR.” They found predominantly random coil structure in aqueous
buffer and partial helicity with added trifluoroethanol, a helix promoting solvent.” Here we
find that flanking the cross-linker with hydrophobic modules has the same effect, albeit to a
lesser degree.

A simple picture summarizes the results presented above. Hydrophobic modules form
collapsed “molten globules” in which the protein backbone is highly disordered and
dynamic. Consistent secondary structure encompassing even a few residues is absent and
this is unaffected by flanking cross-link modules. The hydrophobic modules act as helical
endcaps promoting helix formation in the short crosslinking domain peptides which are
completely unfolded in their absence.b In their presence, these cross-link modules form
dynamic a-helices with helicity greatest near the lysyl residues. Helix formation brings the /
and A% lysine side chains to close proximity, positioning them to form desmosine
crosslinks. A recent paper describes a different minielastin in which similarly short
crosslinking domains flank the hydrophobic domain, but the crosslinking domains did not
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adapt a partially helical conformation.36 However, alanine-rich helices less than two heptads
in length do not adopt helical conformations without two flanking helical endcaps,8 so a
short crosslinking domain with a single endcap would not be expected to even partially form
a helix. Additionally, the environment provided by flanking hydrophobic domains can be
expected to promote helix formation.>3 We note that natural elastin sequences always have
the crosslinking domain flanked on both sides by hydrophobic domains.

Compact disordered structure.

The principle manner in which the hydrophobic domains differ from truly random coil
structure is in their degree of condensation — both their Ry, and their frictional ratios lie
between those typical of folded proteins and non-elastin intrinsically disordered proteins of
the same chain length. Marsh et al. performed an analysis of a large number of natural
intrinsically disordered proteins and used this data to create an empirical equation which
predicts the Ry, of a protein as a function of its amino acid composition.61 As Table 2
demonstrates, this equation significantly overestimates the hydrodynamic radius of our
elastin-like proteins. However, elastin differs from the proteins in their analysis in that it has
a significantly lower fractional charged residue content, a higher proline content, and a
significantly higher fractional content of hydrophobic residues. The hydrophobic content in
particular offers an explanation of both the decreased hydrodynamic radius and, as described
below, the temperature-dependent compaction of these proteins.

Temperature-driven compaction.

As the temperature is raised to 40 °C, the proteins become even more compact, with the
hydrodynamic radius decreasing linearly over this range. This behavior was first
demonstrated in dilute polymers dissolved in hydrophobic solvents in 19766° and
theoretically predicted to occur in some biopolymers by Flory in 1986.70 Temperature-
driven compaction has been observed in the disordered N-terminal region of the p53 protein
and attributed to the melting of polyprotein II structure in that domain.53:63.71 However, the
NOE data (figure 4), indicates that dynamic conformations in these minielastins at 25 °C is
not significantly biased toward extended structures (sheet and ppll) relative to compact
structures (helix). Also, as temperature is increased to 40 °C, the CD spectra (figure 1c,d) of
constructs 2 and 4 is opposite to that expected for a decrease in sampling of ppll and
backbone chemical shifts (figure 6a) are essentially constant so compaction via this
mechanism is unlikely. An alternative explanation is compaction driven by the entropic
hydrophobic effect, which increases as the temperature is elevated. While the role of
hydrophobic side chain surface area was shown not to play a role in room temperature
compaction in the natural intrinsically disordered protein dataset of Marsh et al.,61 we
believe that the exceptional hydrophobicity of the elastin-like proteins studied here and the
absence of charged side chains in the hydrophobic domains enables these proteins to exhibit
the classical temperature compaction behavior predicted by Flory more than 30 years ago
and not seen in most natural intrinsically disordered proteins - as the temperature increases,
the strength of the hydrophobic effect increases, and water-filled cavities in the protein are
increasingly destabilized. This hypothesis is supported by recent MD simulation’2 showing
a gradual reduction of the radius of hydration with expulsion of water as the temperature is
increased. This property also seems likely connected to the coacervation behavior which
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these proteins exhibit — as the temperature increases, the protein contracts while expelling
water, and eventually the association of separate chains is needed to accommodate the
increasing need to reduce the solvent-exposed hydrophobic surface area. This was seen in
the MD simulations of (GVGVP)3.72 The temperature induced compaction observed here in
minielastins, 25%, is the same as the volume decrease in natural elastin material over the
temperature change, 15-40 °C,8 and the latter is directly related to recoil force in an entropic
elastomer. In addition to the connection of hydrophobicity to coacervation, our results also
connect Rh to hydrophobicity and, in turn, to recoil. Until now, this connection is based on
thermochemical, i.e., macroscopic rather than molecular based experiments.10:11 Thus, a
common physical basis for coacervation and, at least in part, recoil is suggested and this is
an inherent feature of the monomeric protein.

MATERIALS AND METHODS

Protein expression.

Genes containing an N-terminal TEV protease cut site were synthesized by Integrated DNA
Technologies (Corralville, IA) and inserted in expression vector pET32a(+) (Novagen, Inc.,
Madison, WI) as described earlier.”3 Genes were transformed into NiCo21(DE3) competent
E.coli cells. For unlabeled growths, cells were initially grown in 5 mL of LB (per liter: 10 g
bactotyptone, 5 g of yeast extract, 10 g NaCl, pH 7.5) with ampicillin for 8 hours, then
transferred into 100 mL LB with ampicillin overnight. 50 mL of LB from the overnight
growths was added to 1 L of TPP (per liter: 20 g bactotryptone, 15 g yeast extract, 8 g NaCl,
4 g NapHPOy, 2 g KH,POy, pH 7.5, after autoclaving: 25 mL of 40% sterile glucose) with
ampicillin. For unlabeled growths, cells were initially grown in 5 mL of LB (per liter: 10 g
bactotyptone, 5 g of yeast extract, 10 g NaCl, pH 7.5) with ampicillin for 8 hours, then
transferred into 100 mL LB with ampicillin overnight. 50 mL of LB from the overnight
growths was added to 1 L of TPP (per liter: 20 g bactotryptone, 15 g yeast extract, 8 g NaCl,
4 g NapHPOy, 2 g KH,POy, pH 7.5, after autoclaving: 25 ml of 40% sterile glucose) with
ampicillin.

For labeled growths, cells were grown overnight in 5 mL of M9 minimal media (per liter: 12
g NayHPOy4, 6 g KHoPO4, 0.5 g NaCl, 1 g 15N NH4CI, pH 7.4, after autoclaving: 25 mL
40% glucose (*3C glucose for carbon labeled samples), 2 mL of trace metal solution (per 1
L: 500 mL EtOH, 0.8 mL concentrated HCI, 0.5 g FeCl,-4H5,0, 18.4 mg CaCl,-2H,0, 6.4
mg H3BO3, 4 mg MnCl,-4H,0, 1.8 mg CoCl,-6H20, 0.4 mg CuCl,-2H,0, 34 mg ZnCl>,
60.5 mg Nap,Mo0Og4-2H,0, 26.8 g MgCl,:6H,0), 1 mL vitamin solution (per 500 mL: 1.1 mg
biotin, 1.1 mg folic acid, 110 mg para-aminobenzoic acid, 110 mg riboflavin, 220 mg
pyridoxine HCI, 220 mg thiamine HCI, 220 mg niacinamide)) with carbenicillin. Cells were
then transferred to 1 L of M9 minimal media with carbenicillin.

1 L growths were placed in a shaker at 37 °C until reaching an ODggg of between 0.7 and 1,
then induced with 200 mg of isopropyl-p-D-thiogalactopyranoside (IPTG) overnight at
18 °C.
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Protein Purification.

Purification followed a previously used procedure.”* Cells were pelleted via centrifugation
at 9000 RPM for 15 minutes, resuspended in 20 mL of wash buffer (50 mM NaH,PQy4, 300
mM NaCl, 20 mM imidazole, 3.1 mM NaN3, pH8) with an added microspatula tip of
Pefabloc and 125 pL of DNase solution (20 mg DNase I in 10 mL of 20% glycerol, 75 mM
NaCl), lysed with a French press, and purified via Ni-NTA column. Lysate was poured over
the Ni-NTA column, rinsed with wash buffer and eluted with 25 mL of elution buffer (50
mM NaH,P04, 300 mM NaCl, 250 mM imidazole, 3.1 mM NaNj3, pH 8.0). The affinity tag
was cut with TEV protease and removed via a second Ni-NTA column. Final purification
was carried out via HPLC using a 250 x 20 mm Higgins Analytical PROTO 3000 C18 10
UM column, with a gradient of 20%-80% acetonitrile with 0.1% TFA over 60 minutes.

Coacervation.

Lyophilized proteins were dissolved in the coacervation buffer 50 mM Tris, 1.5 M NaCl, 1
mM CaCl, at pH 7.5 to a final concentration of 25 pM unless otherwise stated. Coacervation
studies were performed using an HP 8452A diode array spectrophotometer running OLIS
SpectralWorks software version 4.9.6 connected to a Quantum Northwest TC125
temperature controller. Solutions were placed in a quartz cuvette and were equilibrated at
initial temperature for at least five minutes. Absorbance at 440 nm was monitored with
increasing temperature and a heating rate of 1 °C/min with gentle stirring. Coacervation
temperatures indicated are the onset temperature of turbidity observed as an increase in
absorbance.

NMR Spectroscopy.

Solutions were prepared by dissolving the protein in 350 pL of pH 6, 50 mM phosphate
buffer with 10% D,0O and an internal reference, DSS, to a final protein concentration of
approximately 300 uM. NMR spectra were obtained on a 700 MHz Varian NMR
spectrometer with an HCN cryoprobe at 25°C. Spectra were processed and visualized with
NMRPipe’® and NMRFAM-Sparky.’67” Optimal experimental conditions were determined
and sample integrity was monitored using 15N HSQC spectroscopy. Assignments were made
with standard 3D experiments,’® primarily the CBCANH and CBCA(CO)NH pair of
experiments combined with HACAN and HACA(CO)N to observe prolyl residues.
Additional assignments, for example the alanyl residues in the X’ cross-link module
(Supporting Information, Figure S4), were obtained or confirmed with HNCO and
HN(CA)CO. The HNN experiment was also useful for assignments in cross-link modules.

NOEs were measured in 1°N-edited NOESY HSQC spectra with 100 ms or 250 ms mix
times as noted. Intra-residue and sequential NOEs were assigned by comparison with the
15N-edited TOCSY HSQC spectrum obtained with a 70 ms mix.

Diffusion constants and, in turn, hydrodynamic radii were measured by pulsed-gradient
NMR with the bipolar pair pulse stimulated echo (dbppste) experiment in the Varian NMR
DOSY package. Gradients were calibrated against the known diffusion constants of three
samples, 1% H20 in 2H20,7° ubiquitin8® and lysozyme.8! Signal decay, S, as a function of
gradient strength, g, was fit to a Gaussian function, S = Sgexp(-g2/w?) (Supporting
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Information, Figure S5) and the diffusion constant was determined from the standard
relation w2 = Dy282(A-6/3—-1/2).54 The diffusion constant was determined twice at each
temperature to confirm thermal equilibration and measured again at the starting temperature,
25 °C, following each temperature change to confirm reversibility. The standard deviation of
the multiple determinations at 25 °C was used as the experimental uncertainty in the
diffusion constants. Hydrodynamic radii, Ry, were calculated using the Stokes-Einstein
relation, D= kgTI6mnRy, with the known viscosity of water at each temperature.82
Hydrodynamic radii determined by NMR at 20 °C were confirmed by analytical
ultracentrifugation.

Analytical Ultracentrifugation.

Sedimentation velocity and equilibrium experiments were carried out in a Beckman Coulter
ProteomeLab XL-A analytical ultracentrifuge (Beckman Coulter Inc., Brea, CA) at 20°C in
standard 2 sector cells. Buffer density was determined on a Mettler/Paar Calculating Density
Meter DMA 55A at 20.0 °C and viscosity was measured using an Anton Parr AMVn
Automated Microviscometer at 20 °C. Sedimentation velocity data were analyzed with the
program Sedfit 8 (www.analyticalultracentrifugation.com) using the continuous c(s)
distribution model. The partial specific volumes of peptides were calculated from the amino
acid composition using the Protparam tool in EXPASy (expasy.org). Ry and f/fy were
calculated by Sedfit. Errors in Ry, are in the range of £ 10%. Experimental sedimentation
coefficients were corrected to spgy Using the corrections based on the measured density and
viscosity. Sedimentation equilibrium experiments were carried out in standard 2 sector cells
using 150 pL of buffer in the reference sector and 130 pL of sample in the sample sector.
Three different rotor speeds were used and equilibrium was confirmed by observing the
identical distribution of 280 nm absorbance in 3 successive scans at two hour intervals for
each rotor speed. Data were analyzed using the program Sedphat
(www.analyticalultracentrifugation.com). Global analysis was carried out using the single
species model and allowing the values of molecular weight, cell bottom and meniscus to
float. Error analysis was performed using the Monte-Carlo error analysis feature of Sedphat
with 1000 iterations. Molecular weights of peptides are reported as the average of
sedimentation equilibrium and velocity experiments. AUC-determined molecular weights
generally are in the range of + 5% error.84

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Circular dichroism analysis of elastin-like proteins and their temperature invariance. Spectra
of elastin-like constructs at 25 °C: 1, 2, 24’ and 2123 (a); 3, 4, 24’ and X’ (b). Temperature
dependence of the CD spectra of 2 and 4 are shown in (c) and (d), respectively.
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Figure 2.

NMR spectral assignments of designed elastin proteins 2 and 4 and their component
domains. 1°N HSQC peaks from the isolated hydrophobic module, 24’ (blue), and cross-
linker, X’ (red), are superimposed on spectra (black peaks) of minielastins 2 (left) and 4
(right) that contain them. Assignments indicate the module and the residue position within
the module. For example, Al,24 is the first residue in the APGVGYV repeat of the 24’
hydrophobic module and A4,X or A4,X” are the fourth residues in the 2123 or X’ cross-link

modules, respectively.
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Disorder in elastin hydrophobic domains. Observed and calculated secondary shifts in the

APGVGYV and VPGVGG repeats of minielastin 2. Observed secondary shift deviations from

random coil values are depicted as gray bars and the average of calculated secondary shifts
for the sequence constrained to a—helix (red) and sheet (blue) structures are indicated by
dotted lines.
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Figure 4.

Average interproton distance in hydrophobic domains. (a) Strip plots from the 3D 1°N-edited
NOESY HSQC spectrum of 2 at selected residues. Intra-residue NOEs (red) were identified
in the 3D 1°N-edited TOCSY HSQC spectrum. Sequential NOEs from the residue before are
colored green and longer-range correlations are colored blue or black. Observed NOE ratios
NOEgeq/NOEjn (b, d) and NOENN/NOE;y (C, €) are gray bars. Benchmark NOE ratios are
indicated for a—helix (red) and B—sheet (blue).
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Figure 5.

710

Helical structure in elastin crosslinking domains. Secondary shifts for the cross-link
modules, 2123 and X’, with (2 and 4, red bars) and without (2123 and X’, gray bars)
flanking 24’ hydrophobic modules. Gray bars are superimposed on red bars and asterisks
indicate positions of lysine residues. Numbers refer to sequences in Table 1. Dotted lines
indicate an average of the calculated secondary shifts for the sequences constrained to helix

(red) and extended (blue) structures.
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Temperature invariance of the disordered hydrophobic domains and temperature-driven
compaction of designed elastins. (a) Superimposed 13C HSQC spectra of minielastin 4
obtained at 20 °C (green), 30 °C (yellow) and 40 °C (red). None of the resonances
significantly changes chemical shift. (b) Superimposed 1°N HSQC spectra of minielastin 4
obtained at 15-40 °C (c) Graphs of HN chemical shift temperature coefficients obtained
from (b) for the residues in the hydrophobic module (red) and the cross-link module (blue)
of minielastin 4. (d) Temperature dependent slopes of the hydrodynamic radii, Ry, of
minielastins 1 (blue), 3 (green) and 4 (red) and module 24’ (purple) determined by NMR.
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Primary sequences, number of residues, residue averaged Kyte-Doolittle hydrophobicities (hyd) and
coacervation temperatures (T.) of constituent modules and minielastins 1-4.

Table 1.

Protein  Sequence #aa hyd T C)a
20° (VPGVGG)s 30 09 ND

24’ (APGVGV), 42 13 ND
2123 EAQAsKA,KYGVGTPAsKAKAAQFG 33 0.2 NC

X’ DAsKA,KF 11 0.4 NC

1 20°-2123-24’-2123-24’ 182 0.8 52

2 20°-20’-2123-24°-2123-24"-24’ 254 09 32

3 20°-X"-24’-X"-24’ 138 1.0 44

4 24°-X=24’-X"-24’- X" =24’ 203 11 36

Page 26

a . . - " -
T¢ values were determined spectrophotometrically by the onset of turbidity at 440 nm under standard conditions: 25 uM protein in pH 7, 50 mM

Tris with 1.5 M NaCl and 1 mM CaCl2. For easy detection, constructs 1-4 contain tryptophan residues at the N- and C- termini.
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Table 2.

Page 27

MW and MWAYC are molecular weights (kDa) calculated from the sequence and measured by analytical

ultracentrifugation (AUC), respectively.

a

b

MW MWAUC  RpNMR - RyAUC Bgp D foid PR, IDP
1 15 13.8(7)  324(5) 31(3) 1.92 22 37(2)
2 211 19.6(10) 38.2(5) 40(4) 2.3 24 44(3)
3 115 11.6(6) 29.4(5) 31(3) 2.0 20 32(2)
4 169 17.8(9) 35.0(5) 34(3) 2.08 23 40(3)
a,. .
obtained from AUC

b . . . .
calculated using the scaling equations of Forman-Kay and Whitten.61,62
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