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Abstract

Site-selective isotopic labelling of amide carbonyls offers a non-perturbative means to introduce a
localized infrared probe into proteins. While this strategy has been widely used to investigate
various biological questions, the dependence of the underlying amide I vibrational frequency on
electric field (or Stark tuning rate) has not been fully determined, which prevents it from being
used in a quantitative manner in certain applications. Herein, through the use of experiments and
molecular dynamics simulations, the Stark tuning rate of the amide | vibration of an isotopically
labeled backbone carbonyl in a transmembrane a-helix is determined to be approximately 1.4
cm~/(MV/cm). This result provides a quantitative basis for using this vibrational model to assess
local electric fields in proteins, among other applications. For instance, using this value, we are
able to show that the backbone region of a dipeptide has a surprisingly low dielectric constant.
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The amide | vibrational band of polypeptides, located between 1600-1700 cm™1, arises
mainly from the stretching vibration of backbone carbonyls and is one of the most widely
used infrared (IR) markers in the study of protein structure and dynamics.[X] This is because
it has a large extinction coefficient and is sensitive to various structural determinants and
environmental factors.[2] In particular, the amide | vibration of an isotopically labeled
backbone carbonyl, such as 13C=160 or 13C=180, can be used to provide site-specific
structural and/or environmental information.[3] Computational studies4! have shown that the
vibrational frequency of a localized amide | mode (i.e., one that does not couple to other
amide | vibrations) depends primarily on the local electrostatic field. For example, an
electric field map has been developed to calculate the amide I vibrational line shape of
peptides.[42 4b] Despite being one of the most important properties of the amide I vibration,
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the vibrational Stark tuning rate (), which relates the vibrational frequency shift (Aw) to the
electric field (E) via the relationship hcAm =—p-E,[®] has, to the best of our knowledge, never
been determined experimentally. Using distributed solvatochromic charge analysis on N-
methylacetamide (NMA), Cho and coworkers[4c] estimated the value of p to be 0.78
cm~Y/(MV/cm). In a more recent study,[4d] they reported that the dipole contribution
dominates the solvatochromic vibrational frequency shift of the carbonyl stretching
vibration and the corresponding solvatochromic dipole, which is directly related to the
vibrational Stark tuning rate, is of 1.194 cm~1/(MV/cm). Herein, we carried out IR
measurements on a series of isotopically labeled transmembrane (TM) a-helices, aiming to
provide an experimental assessment of the sensitivity of the amide | vibrational mode to the
local electric field.

Quantifying the Stark tuning rate of a specific vibrational mode requires one to measure how
its frequency varies with the local electric field strength along the vibrational transition
dipole moment of interest. However, there is no simple and straightforward way to do so for
a polypeptide. Thus, we chose to measure how the amide | vibrational frequency of an
isotopically labeled backbone carbonyl (i.e., 13C=180) located in a TM a-helix changes with
its position in the peptide sequence (see the Supporting Information for the details of peptide
synthesis, sample preparation and frequency measurements). This strategy is based on the
fact that there is a well-defined electrostatic potential across a symmetric lipid bilayer and
that the distance between any two backbone carbonyls in an a-helix can be easily
determined. Specifically, we used the peptide LAP (sequence: HHGGPGL (AL)gGPGGHH)
and membranes consisting of 1,2-didodecanoyl-sn-glycero-3-phosphocholine (DLPC) or 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC). Webb and coworkers®] have
shown that LAP forms an a-helix in lipid bilayers and have employed it to determine the
electrostatic field of membranes using the nitrile stretching vibration of p-
cyanophenylalanine.l”] Because the amino acid sequence of LAP is symmetric, it is
expected that the center of this a-helix, i.e. Alal6, is located in the center of the lipid
bilayer.

As shown (Figure 1 and Table 1), in both hydrated DLPC and POPC membranes (Figure S1,
Supporting Information), the 13C=180 amide | bands obtained with a series of isotopically
labeled LAP peptides (hereinafter referred to as LAP-An, where n represents the labeling
position) exhibit a clear dependence on the location of the label. For example, the peak
frequency of LAP-A16 in DLPC is 1595.3 cm™1, whereas that of LAP-A24 is shifted to
1615.1 cm™~L. This shift is consistent with the notion that the amide unit of A24 is located in
the charged head group region of the membrane, thus experiencing a larger electric field.
While a similar trend is also obtained for POPC, the overall frequency shift is smaller, as the
hydrocarbon chain chains of POPC (C18:1 and C16:0) are longer than that of DLPC
(C12:0). In addition, the width of the band (i.e., FWHM) increases with increasing n. This
trend indicates that upon moving from the center of the TM a-helix (i.e., A16) towards the
head group region of the lipid bilayer (i.e., A24), the electrostatic environment experienced
by the peptide backbone becomes more and more heterogeneous, as expected.[4P: 8]

The direction of the membrane dipole electric field is parallel to the membrane normal.
Thus, in order to evaluate the local membrane electric field experienced by a specific amide
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I vibrational mode, one needs to determine the angle between its transition dipole moment
and the membrane normal. As shown (Figure 2), the (averaged) overall orientation angle of
the peptide backbone, calculated based on the linear dichroic ratio of the main (i.e.,
unlabeled) amide I band of LAP-An is 50° + 2.3° for DLPC and 42° + 3.4° for POPC. This
difference, once again, arises from the difference between the hydrocarbon chain lengths of
these two lipids, as the longer POPC chain results in a smaller hydrophobic mismatch
between the peptide and the membrane and, hence, a smaller helical tilting angle. As
indicated (Figure 2), the site-specific orientation angles, determined from the dichroic ratios
of the isotopically labeled amide | bands, show a consistent trend.

To determine the Stark tuning rate (i), the experimentally measured frequency shift value
for a given site n, i.e., Awp = o, — w16, Where oy, corresponds to the peak frequency of the
labeled n position, is used. This frequency shift is related to the total electric field (Et) at
this site through the following relationship:

Awy/cos(a)=—p- (E,(n) — E.(16)), (1)

where « is the orientation angle discussed above, to account for the fact that the amide |
vibrational transition dipole moment is not parallel to the membrane electric field (Ey), and
Et(n) = Epm(n) + Ex(n), where Ey(n) is the electric field arising from the helix dipole
moment. As shown (Figure S2, Supporting Information), the values of Ey(n), calculated
from the helix dipole moment of LAP, are consistent with previously reported values[®l and
are nearly identical for n = 16 — 24. Thus, AE4(n) = Ex(n) — E4(16) ~ 0 forn =16 — 24. In
addition, for a symmetric lipid bilayer, as those used in the current case, the membrane
electric field is expected to be zero at the center of the bilayer. Thus, AEy(n) = Ep(n) —
Em(16) ~ Ep(n). Because the electric field produced by the membrane dipole potential
exhibits an exponential-like decrease with increasing distance from the head group
region,[19] we further assumed

E\ (r)=Eexp[B(r—1")], (@

where r is defined as the distance from the center of the membrane (Figure 3), B is a constant
that is determined by the identity of the lipid, and E*y is the membrane electric field at r*.
Taken together, these results indicate

Awy/cos(a)=— A -exp[B(ra —77)], (3)

where A = peE”); and r,, is the distance from the center of the membrane to the midpoint of
the labeled site n, which can be calculated based on the helical structure of LAP and its
orientation inside the membrane (Table 1 and Supporting Information). In addition, r* is
taken to be the thickness of the hydrocarbon core region of a single bilayer leaflet with
values of 10.95 A and 14.60 A for DLPC and POPC membranes,[1!] respectively. Since
DLPC and POPC have the same head groups, we also assume that membranes composed of
these lipids will have similar E*\ values. Therefore, we globally fit the amide | frequency
shifts of the LAP-An peptides obtained in both membranes to Eq. (3). As shown (Figure 3),
the value of A was determined to be 24.16 cm™1 from this global fitting.
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In order to further determine the Stark tuning rate of the amide | vibrational mode, y, from A
= usE"\, one needs to know E*;. Webb and coworkerst8?] used the nitrile stretching
vibration of p-cyanophenyalanine[12] to assess the magnitudes of membrane dipole fields for
different membranes and found that the dipole field is in the range of 8~11 MV/cm for
DMPC bilayers. If we were to assume that the E”y; of DLPC is similar to that of DMPC, as
these two lipids only differ in chain lengths, the Stark tuning rate of the amide I vibrational
mode would be in the range of 2.2 — 3.0 cm~1/(MV/cm). This value seems too large, as the
Stark tuning rate of carbonyl vibrations is typically within the range of 0.8 — 1.8 cm™Y/(MV/
cm).[4d. 12] For example, the Stark tuning rate of the C=0 stretching vibration of
acetophenone was determined to be 1.1 cm™/(MV/cm).[23] Thus, molecular dynamics (MD)
simulations on LAP in POPC bilayers were performed to estimate the value of E"y
(Supporting Information). As shown (Figure S3), the average of the orientation angles of the
amide | transition dipole moment obtained for positions 16 — 22 is 30.0 £ 4.7°, comparable
to those determined experimentally. In addition, the electric field distribution obtained for
the amide carbonyls located near the center of the membrane is narrow, whereas that
calculated for sites near the lipid head group region is broader, consistent with the
experimental observation that the amide | bandwidth of the isotopically labeled LAP-An
peptide increases with increasing n (Table 1 and Figure S4 in the Supporting Information).
Moreover and perhaps more importantly, the average electric field calculated for each
backbone amide carbonyl in the hydrocarbon region of the membrane shows an exponential
dependence on its position (i.e., distance from the center of the bilayer) similar to that
observed for Amp/cos(a) (Figure 3). In fact, the MD results can be fit to Eq. (2) with a fixed
r* value of 14.60 A for POPC, yielding an E”y; of 17.0 + 1.5 MV/cm (Figure 4). Using this
electric field value and the aforementioned A parameter (24.16 cm™1), we further determined
the value of i to be 1.4 cm~Y/(MV/cm).

The Stark tuning rate of the amide | vibrational mode determined from the current study is
larger than previously estimated. This may stem from the E™y; value obtained from the MD
simulations, which is known to depend on the force field. Despite this potential pitfall, we
believe that the value of 1.4 cm™/(MV/cm) is a good estimate of the true Stark tuning rate
of the amide | vibration. Given the structural similarity between the amide (-CONH-) and
ester (-COO-) units, it can be reasonably argued that their C=0 stretching vibrations exhibit
similar responses toward an external electric field. Recently, Pazos et al.['4] have shown that
the ester carbonyl stretching frequency of methyl acetate correlates linearly with solvent
electric field with a slope (or p) of 1.3 cm~1/(MV/cm). Thus, their result provides additional,
albeit indirect, support for our conclusion.

In summary, we have combined experimental evidence and MD simulations to quantify the
dependence of the amide | vibrational frequency, in the context of a peptide, on local electric
field and found that the corresponding proportionality constant is 1.4 cm~1/(MV/cm). We
believe that this result provides a quantitative basis for using the amide | vibration of an
isotopically labeled backbone carbonyl to site-specifically assess changes in the local
electric field in proteins, among other applications. To further substantiate this point, we
used the linear infrared (IR) results of Ghosh et al.,[15] which showed that the amide | peak
frequency of a histidine (His) residue in a dipeptide (Ac-His-CONHMe) shifts from 1642 to
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1650 cm™1 upon the protonation of its imidazole ring. This blueshift indicates that the amide
carbonyl of His is pointing away from its sidechain. Based on the Stark tuning rate
determined from the current study, this frequency shift corresponds to an electric field
change (AEg) of approximately 5.6 MV/cm along the direction of the vibrational transition
dipole moment. Assuming that the backbone of this dipeptide adopts a PPII conformation,
we can further calculate the electric field change (AEc) experienced by the His amide |
vibrator arising from different rotamers of the protonated His sidechain. As shown
(Supporting Information), the calculated AE¢, depending on the choice of the rotamer, is in
the range of 24.9 — 49.0 MV/cm using the permittivity of vacuum. A comparison between
AE¢ and AEg suggests that the effective dielectric constant in this region of the peptide is
4.4 — 8.8. This result appears to be surprising as the backbone of such a short peptide is
supposed to be fully solvated, hence experiencing a high dielectric environment. However,
this result is consistent with the 2D IR measurements of Ghosh et al., which indicated that
the His amide carbonyl, in this case, is dehydrated. Since knowing the dielectric constant of
an environment is essential to accurately describe any electrostatic interactions taking place
in this environment, we believe that this example demonstrates the potential utility of using
the determined Stark tuning rate of the amide | vibrational mode to extract more quantitative
information from relevant IR measurements.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Normalized and baseline corrected (see the Supporting Information) amide | bands (dots)

arising from the 13C=180 isotopically labeled carbonyls in LAP-An peptides in DLPC and
POPC membranes, as indicated. The solid line in each case corresponds to a fit of the
spectrum to a Gaussian function and the resultant peak frequency and bandwidth are given
in Table 1.

Chemphyschem. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Ohetal.

Angle (deg)

60

52

48

40

Page 8

DLPC POPC

O LAP-nA O LAP-nA

f & E e E B R O B R O R R O R R R R R R O B O O B R = & =

L i 5
- ; 5

_ B Total Backbone ® Total Backbone

Q
z..

16 18 20 22 24
Residue Number

Orientation angles of the amide | transition dipole moment, calculated based on the linear
dichroic ratios of the labeled and unlabeled amide I bands of LAP-An peptides, as indicated.
The detail of the calculation is given in the Supporting Information. The angle determined
from the labeled band directly measures the orientation of the underlying transition dipole
moment with respect to the membrane normal.
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Figure 3.

Upper panel: cartoon representation of the labelled amides (colored segments) and their
positions relative to the membrane center. Lower panel: Dependence of Awp/cos(a) on ry,
obtained for LAP-An peptides in DLPC and POPC membranes, as indicated. The lines are
global fits of these data to Eq. (3), which yielded A= 24.16 cm™, p = 0.43 A~1 for DLPC
and p = 0.38 A1 for POPC.
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Distance dependence of the mean membrane electric field in the hydrocarbon region of a
POPC bilayer, calculated via MD simulations (Supporting Information). The line is the fit of
these data points to Eq. (2) with E"yy = 17.0 MV/cm and f = 0.36 A1,
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