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ABSTRACT
Local noncovalent interactions, including hydrogen bonds (H-bonds), generate electric fields that are essential for biological assembly and 

function. We recently demonstrated that a nitrile’s (–C≡N) infrared (IR) transition dipole moment and anomalous H-bond frequency 

blueshift can report on its environmental electric field and H-bond geometry and dynamics, respectively. Here, we expand on prior work 

with nitriles site-selectively incorporated into photoactive yellow protein by introducing mutations designed to alter nitrile H-bonding and 

local electrostatics. A comprehensive analysis combining IR data, high-resolution X-ray crystal structures, and extensive molecular dynam-
ics simulations demonstrates that the multipolar, polarizable AMOEBA force field accurately models electrostatics and H-bond geometries 

in both fast and slow H-bond exchange regimes. This finding is reached by correlating experimentally and computationally derived –C≡N 

electric fields and H-bond blueshifts exhibiting different H-bond fluctuation timescales. This result implies that AMOEBA correctly models 

thermodynamic and kinetic aspects of noncovalent interactions. The diverse, thoroughly characterized collection of –C≡N protein environ-
ments reported herein provides a benchmark for next-generation molecular dynamics force fields that incorporate higher level descriptions 

of molecular electrostatics.
© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license 

(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0318326

INTRODUCTION

Noncovalent interactions dictate the native conformations and 

dynamics adopted in condensed phase systems, and alterations 

to these interactions tune the efficiency of myriad chemical and 

biological processes. Accordingly, molecular dynamics (MD) sim-
ulations have become a prominent tool to explore noncovalent 

interactions. 

1 At the same time, the accuracy of MD simulations 

is limited by the benchmarking methods used to obtain force 

field parameters, so direct comparison of MD noncovalent inter-
actions against experimental assessments is crucial. 

2–4 Vibrational

spectroscopy is a powerful technique for this purpose because the 

frequency and intensity of molecular vibrations carry information 

on their local environment. 

5–11 In particular, interpreting vibrational 

spectra within the framework of the vibrational Stark effect (VSE) 

enables assessments of local electric fields projected on a vibrational 

probe, and these electric fields provide a quantitative metric for 

the strengths of local noncovalent interactions. 

5 As such, compar-
ing experimental VSE-derived and computational electric fields has 

become an important strategy for assessing MD simulations, 

12–15 as 

well as for exploring the role of electrostatics at interfaces 

16,17 and in 

solvents and enzymes. 

18–22
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Nitriles (–C≡N) have become one of the most popular VSE 

probes owing to their absorption in an uncluttered region of the 

infrared (IR) and relatively strong IR intensities. 

9,10,23–26 However, 

previous MD benchmarking efforts utilizing them 

27–29 were ham-
pered by instances of specific nitrile–hydrogen-bond (“H-bond” or 

“HB”) interactions, where bluer –C≡N frequencies are observed than 

would be predicted by the VSE. 

30–33 Many empirically and physically 

based models have been proposed to describe this anomalous “H-
bond blueshift” of –C≡N frequencies (see Sec. S17 in Ref. 30). 

34–39 

In particular, Cho’s group has described –C≡N frequency tuning as 

arising from separate contributions of the local electric field, higher-
order multipolar electrostatics, and Pauli repulsion, among other 

factors. 

6,40–42 We have opted for a minimal, experimentally based 

expression with a term dependent on the electric field to first-order 

and an H-bond shift term that accounts for all non-field-based (and 

higher-order field) effects,

¯ νobs 

= ¯ ν0 
− Δμ⃗ ⋅ F⃗ + Δ¯ νHB

= ¯ ν0 
+ Δ¯ νnon−HB 

+ Δ¯ νHB 
, (1)

where ¯ νobs 

is the observed frequency; ¯ ν0 
is the zero-field (gas phase) 

frequency; Δ⃗ μ is the vibrational Stark tuning rate, which determines 

the sensitivity of a vibrational transition to the local electric field,
F⃗; Δ¯ νnon−HB 

is the frequency shift due to the VSE and is equal to
−Δμ⃗ ⋅ F⃗; and Δ¯ νHB 

is the H-bond contribution to the frequency not
captured by the linear, dipolar VSE. 

30 By definition, Δ¯ νHB 
= 0 in non-

H-bonding environments. Because of the separate contributions of 

Δ¯ νnon−HB 
and Δ¯ νHB 

, nitrile frequency shifts by themselves can be dif-
ficult to interpret, as confusing situations arise where the blueshift 

due to H-bonds counteracts redshifts due to environmental elec-
tric fields. To avoid this complication, early work on the connection 

between nitrile frequency shifts and electric fields was based only on 

non-H-bonding solvents. 

43

In a recent report, we found an alternative approach to deter-
mine nitrile electric fields. 

30 We observed that the –C≡N transition 

dipole moment (TDM), m⃗, shows a linear dependence on the aver-
age MD solvent electric fields in H-bonding and non-H-bonding 

environments and is expressed as

m⃗( F⃗) = ⃗ m0 
− A ⋅ F⃗, (2)

where A is the transition polarizability and ⃗ m0 
is the zero-field 

TDM. 

30 Importantly, Eq. (2) describes that local electric fields are 

the origin for significant non-Condon effects (i.e., dependence of 

an oscillator’s vibrational transition dipole on the coordinates of the 

surrounding environment 

44,45 ) for nitriles in both protic and aprotic 

environments; 

42,44,46–48 such effects have often been assumed to be 

negligible. 

49,50 Practically, it implies that changes to the –C≡N TDM 

(or, “TDM tuning”) can be directly used to determine environmen-
tal electric fields. Furthermore, by inputting electric fields obtained 

by TDM tuning [Eq. (2)] into Eq. (1), Δ¯ νHB 
can be isolated so that 

nitrile intensities and frequency shifts can report on both electric 

fields and H-bond shifts. In addition, Δ¯ νHB 
has recently become a 

useful observable in and of itself: 

38 we found that H-bond shifts are 

a function of nitrile–H-bond geometry and dynamics and derived 

an analytical expression that uses the H-bond distance and angle to 

predict the blueshift [Eq. (S1)]. Thus, the dual, independent tuning 

of –C≡N frequencies and TDMs enables two unique assessments of 

nitrile noncovalent interactions.

To investigate nitrile frequency and TDM tuning in a pro-
tein setting, we used amber suppression to place nitrile-bearing 

o-cyanophenylalanine (oCNF) at four diverse sites in photoactive 

yellow protein (PYP), 

30 a 14 kDa protein from the PAS domain 

superfamily. 

51 PYP is an attractive model system because atomic res-
olution X-ray crystal structures, which provide precise information 

on local environments, are readily obtained. In addition, it contains 

the chromophore p-coumaric acid, whose absorption provides an 

internal standard for absolute concentration determination, a nec-
essary component to determine vibrational TDMs. 

30 The incorpo-
rated nitriles experience very different electric fields and H-bonding 

geometries and dynamics as interpreted by their TDMs and H-bond 

blueshifts. 

30 This information enabled a variety of experimental and 

computational tests. First, it allowed us to test the efficacy of –C≡N 

TDMs in proteins. 

30 We found that TDMs reliably report on envi-
ronmental electric fields in cases where frequencies cannot serve as 

field reporters due to offsetting red- and blueshifts. Furthermore, the 

TDM-derived fields were well-rationalized by crystal structures. Sec-
ond, it enabled us to benchmark MD force fields for protein protic 

and aprotic environments, with a focus on testing the type of elec-
trostatic description needed to recapitulate the PYP nitrile electric 

fields. 

52 To investigate this, we compared MD simulations with the 

fixed-charge AMBER force field 

53 (which describes electrostatics via 

monopoles) and the multipolar, polarizable AMOEBA force field 

54 

(which also includes dipoles, quadrupoles, and polarizability). We 

found that using AMOEBA is necessary to accurately model nitrile 

H-bonding environments and therefore nitrile electric fields, which 

is similar to the case of carbonyl probes in enzyme active sites. 

12 

The PYP blueshifts were then used to test the geometry-dependent 

model for Δ¯ νHB 
in Eq. (S1), and predicted values successfully reca-

pitulated the experimental results. 

38 While making H-bond shift 

comparisons, we recognized that they can be a useful observable for 

benchmarking MD force fields beyond electric fields: blueshifts can 

be derived from a nitrile’s average MD H-bond distance and angle, 

and the resulting value can be compared with the TDM-derived 

Δ¯ νHB 
.
These studies utilized four oCNF-containing PYP variants, 

which constitute an informative but small test set, so more thor-
ough benchmarking of AMOEBA against nitrile-derived quantities 

is warranted. In the current study, we expand this set by creat-
ing a collection of 12 diverse nitrile H-bonding and electrostatic 

environments via mutagenesis. We systematically characterize the 

new –C≡N noncovalent interactions with a comprehensive anal-
ysis combining IR data, high-resolution X-ray crystal structures, 

and extensive MD simulations. Our characterization shows that the 

main effect of these mutations is to slow exchange between protic 

and aprotic populations of the nitrile probe, i.e., the nitriles expe-
rience heterogeneous settings with fast and slow dynamics. A new, 

extended TDM tuning method is developed to quantify subpopula-
tion electric fields and H-bond shifts. This characterization allows 

us to more stringently test AMOEBA and thereby implicitly test 

its kinetic and thermodynamic modeling of noncovalent interac-
tions. Using our extended collection, strong correlations are found 

for comparisons of experimental and MD-derived nitrile electric 

fields and H-bond shifts, highlighting the accuracy of the AMOEBA 

force field in simulating subtly to significantly different nonco-
valent interactions. At the same time, the detailed view of local 

noncovalent interactions that emerges from this study uniquely

J. Chem. Phys. 164, 155102 (2026); doi: 10.1063/5.0318326 164, 155102-2
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allows us to investigate the limits of the TDM tuning method and 

the VSE approach broadly.

RESULTS
Variant and mutant selection

In our previous report, 

30 four phenylalanine sites in PYP (posi-
tions 28, 62, 92, and 96) were replaced with oCNF to produce four 

variants, and the nitriles were found to experience a diverse set 

of electric field strengths. The nitrile in the F96oCNF PYP vari-
ant (F96oCNF henceforth) experienced the smallest electric field, 

so we chose it as our template for mutagenesis with the goal of 

designing new H-bonds or environments of varying polarity. For 

convenience, we use the term “variants” to refer to proteins with an 

F → oCNF replacement and reserve the term “mutants” for proteins 

with canonical mutations.
Three sites, M100, T103, and I49, were chosen for mutagenesis 

because they are the closest amino acids to oCNF96 [Fig. 1; distances 

shown in Fig. 1(b)]. Eight total mutations were made: T103V, I49T, 

M100D, M100E, M100H, M100K, M100N, and M100Q. All muta-
tions except T103V were introduced with the goal to create a new 

H-bond to the –CN. T103V was selected to test whether the nitrile’s 

electric field could be further decreased by making its environment 

even more hydrophobic. If a new –C≡N H-bond was not formed, 

we reasoned that I49T, M100N, and M100Q could still increase the 

polarity of the nitrile environment (and therefore the electric field 

projected on the –C≡N bond); M100K could introduce a positive 

charge to the environment; and M100D, M100E, and M100H could 

create polar or charged environments depending on their pK a 
val-

ues. In the following sections, we provide a detailed description of 

the nitriles’ local environments as interpreted from IR spectra, X-ray 

crystal structures, and AMOEBA simulations.

IR spectroscopy for F96oCNF and mutants indicates 

four nitrile environmental phenotypes in different 

chemical exchange regimes

Nitrile frequency and TDM Stark tuning rates Δ⃗ μ and A, which 

collectively enable the extraction of electric fields and H-bond 

shifts using Eqs. (1) and (2), were previously obtained for the oCNF

FIG. 1. Two perspectives of F96oCNF PYP. (a) Global view of the crystal structure 

(7SJJ 

30 ) in ribbon form. oCNF96 is shown in black, and the three residues mutated 

in this study, T103, I49, and M100, are shown in blue, green, and red, respectively. 

The chromophore p-coumaric acid (pCA) is shown in gold. The residues and chro-
mophore are shown as sticks. (b) Local view of the nitrile environment. The closest 

contacts to the –C≡N N are carbons, consistent with the observation that the nitrile 

electric field is relatively small. 

30

model compound o-tolunitrile (oTN). 

30 To ensure these calibrations 

are suitable for incorporated oCNF, we obtained calibrations for 

a Boc-protected analog, N-Boc-2-cyano-L-phenylalanine (Fig. 

S1). We found that N-Boc-2-cyano-L-phenylalanine’s calibrations 

(Fig. S4) are highly similar to oTN’s (Fig. S5), indicating that 

oTN is an appropriate model compound. Here, we utilize para-
meters from the oTN calibration curves (¯ ν0 

= 2231.4 cm 

−1 ; ∣Δμ⃗∣
= 0.19 cm 

−1

MV
cm

; ∣ ⃗ m0 
∣ = 0.0388 D; A = −0.000 92 D

MV
cm

) for consistency

with our prior results. 

30,38,52

Room temperature FTIR spectra were obtained for F96oCNF 

mutants at pH 6.0, matching conditions from the previous study. 

30 

The spectra for the mutants and F96oCNF are shown in Fig. 2(a), 

and the other variants’ spectra are also shown for comparison. In 

analogy to the naming convention for the variants, we refer to the 

mutated F96oCNF PYPs by their mutation from this point for-
ward. Spectra were also obtained at pH 8.5 for M100E, M100D, 

and M100H to interrogate the effect of potential protonation state 

changes on the nitrile environment. No changes in the –C≡N spec-
tral shape were observed between the two pH values (Fig. S9). Given 

the proximity of M100 to oCNF96 in F96oCNF [Fig. 1(b)] and their 

exposure to solvent (vide infra), this invariance suggests that the pro-
tonation states of D100, E100, and H100 are the same at both pH 

values, i.e., D100 and E100 are deprotonated (anionic), and H100 is 

neutral.
The nine spectra at pH 6.0 for the nitriles in F96oCNF and 

mutants display four distinct lineshapes [Fig. 2(a); see also Fig. S7]. 

We relate these lineshapes to four environmental phenotypes expe-
rienced by the –C≡N, and these are denoted phenotype 1–4 (P1–P4) 

for convenience. P1 contains F96oCNF and T103V, P2 contains 

I49T, P3 contains M100Q, and P4 contains M100E, M100D, M100N, 

M100K, and M100H (IR spectra of nitriles grouped by phenotype 

are shown in Fig. S8). Throughout the text, the italicized PYPs are 

employed as phenotype representatives, and their spectra are over-
laid in Fig. 2(b) to highlight their differences. P1- and P2-type nitriles 

possess spectra with a single band, albeit with different intensities. 

Although F96oCNF (and F28oCNF and F92oCNF) show a single 

symmetric IR band at room temperature, we previously found that 

this is not because the band represents a single type of environment: 

low temperature IR spectra showed two bands, indicating that the 

room temperature band reflects fast exchange between H-bonded 

and non-H-bonded nitrile populations. 

52 The high spectral similar-
ity for T103V and F96oCNF suggests that T103V also undergoes fast 

exchange. In the following, nitrile exchange regimes are treated in 

an approximately binary way for simplicity, i.e., they are treated as 

being in fast or slow exchange depending on their lineshape. We 

note that a more rigorous approach would be to assess exchange 

regimes by modeling lineshapes using Kubo theory, 

55,56 as in Ref. 49. 

This approach was successfully used in our prior work, 

38 where IR 

spectra from AMOEBA simulations recapitulated spectra for nitriles 

in solvents and proteins. Peak frequencies and full widths at half 

maxima (FWHMs) from band fitting of P1- and P2-type spectra are 

provided in Tables I and S6.
In contrast to P1- and P2-, P3- and P4-type nitriles manifest 

asymmetric lineshapes suggestive of multiple populations in slower 

exchange. Importantly, the lineshape asymmetry suggests that these 

nitriles represent new types of environments for benchmarking 

compared to the single-band PYP variants (Fig. 2). P3- and P4-type

J. Chem. Phys. 164, 155102 (2026); doi: 10.1063/5.0318326 164, 155102-3
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FIG. 2. Nitriles incorporated into PYPs demonstrate heterogeneity in intensity and lineshape. (a) Room temperature IR spectra of the –C≡N stretch for all variant 

30 

and mutant PYPs at pH 6.0. Spectra for F96oCNF and mutants yield four consistent IR lineshapes, termed environmental phenotypes. Phenotypes and members, with 

representatives italicized, are P1 (F96oCNF and T103V), P2 (I49T), P3 (M100Q), and P4 (M100E, M100D, M100N, M100K, and M100H). Species are colored by their 

phenotype (P1: blue; P2: green; P3: gold; and P4: red/pink). TDM-derived average environmental electric fields inferred using the oTN calibration curve are displayed, 

30 

and the complete set of extracted IR peak parameters for all nitrile-containing PYPs is provided in Table S6. (b) Shaded IR overlays (centered to ¯ νMax 

) of representatives of 

the four environmental phenotypes P1–P4. The inset shows non-centered spectra. In (c) and (d), two band fits are shown for P3 and P4 representative spectra, respectively. 

Raw spectra are shown in gold or pink, bands corresponding with non-H-bonding nitrile populations are shown as solid black lines, and bands corresponding with H-bonding 

nitrile populations are shown as black dotted lines. Additional P4 spectra are shown in Fig. S10. Spectra for F28oCNF, F62oCNF, F92oCNF, and F96oCNF in (a) and (b) 

are reproduced with permission from Weaver et al., J. Am. Chem. Soc. 144(17), 7562–7567 (2022). Copyright 2022 American Chemical Society.

TABLE I. Extracted IR peak parameters for the –C≡N stretch in environmental phenotype representatives.

Environment ¯ νobs 

(cm 

−1 ) 

a FWHM (cm 

−1 ) 

a Total ∣m⃗∣ (D)
Avg. ∣ ⃗ F∣ C≡N,TDM

(MV/cm) Δ¯ νnon-HB,TDM 
(cm 

−1 ) 

b Δ¯ νHB,TDM 
(cm 

−1 )

F96oCNF (P1) 2231.2 

c 8.4 

c 0.047 ± 0.002 

c
−9 ± 2 

c
−2 

c 2 

c

I49T (P2) 2230.2 8.3 0.052 ± 0.002 −14 ± 2 −2 2
M100Q (P3) 

d d 0.060 ± 0.002 −23 ± 2 d d

M100D (P4) d d 0.063 ± 0.002 −26 ± 2 d d

a Peak positions (¯ νobs 
) and FWHMs have an error of <0.1 cm 

−1 .
b Where Δ¯ νnon−HB 

= −Δμ⃗ ⋅ F⃗, Eq. (1).
c Reproduced with permission from Weaver et al., J. Am. Chem. Soc. 144(17), 7562–7567 (2022). Copyright 2022 American Chemical Society. 

d N/A since multiple bands are observed.

J. Chem. Phys. 164, 155102 (2026); doi: 10.1063/5.0318326 164, 155102-4
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spectra were fit with two bands, shown in Figs. 2(c), 2(d), and S10, 

which adequately fit all observed spectra; the associated frequencies 

of the lower and higher energy bands and their FWHM values 

are provided in Table S8. The frequencies of the higher energy 

bands are comparable to or bluer than oTN’s frequency in water 

(2231.7 cm 

−1 ), 

30 implying that the bands arise from nitrile H-
bonding populations. Previous observations of multiple IR bands 

for a single nitrile in a protein were explained by the pres-
ence of both non-H-bonding and H-bonding populations in MD 

simulations. 

29,57 Moreover, a nitrile on a peptide interacting with 

either the solvent or a hydrophobic protein pocket exhibited a highly 

similar spectral shape to the P4-type spectra. 

58 These points together 

suggest that the heterogeneous P3- and P4-type spectra arise from 

mixtures of protic and aprotic nitrile populations with a slower 

exchange rate than that for F96oCNF.
Two bands were required to fit many of the mutants’ IR spec-

tra, but the process for extracting electric fields and H-bond shifts 

was previously developed only for single bands. 

30 Therefore, we first 

apply our single-band analysis method using TDMs based on the 

integral of the observed spectra to obtain averaged environmen-
tal electric fields. 

59 Later, we develop and apply a methodology for 

extracting electric fields and H-bond shifts when there are two popu-
lations. For all protein spectra in Fig. 2(a), peak areas were translated 

to TDMs, 

30,60 and TDMs were converted to electric fields using
Eq. (2). TDM-derived electric fields, referred to as ∣ ⃗ F∣ 

C≡N,TDM 

, are
provided in Table I for the phenotype representatives and in Fig. 2(a) 

and Table S6 for all nitrile-containing PYPs. For P1- and P2-type 

spectra, electric fields were multiplied by the frequency Stark tuning 

rate to determine the Δ¯ νnon−HB 
terms, i.e., the shifts due purely to the 

VSE [Eq. (1); Table I]. We then isolated the H-bond shifts, Δ¯ νHB 
, by 

subtracting the zero-field frequency ¯ ν0 
and the Δ¯ νnon−HB 

values from 

the observed frequencies (¯ νobs 

) [Eq. (1); Tables I and S6; see Fig. 3 in 

Ref. 30 for a visualization of this procedure].
Across the entire collection of variants and mutants, we 

obtained TDMs between 0.047 and 0.094 D, where each TDM 

has an error of ±0.002 D. These correspond to a nitrile electric 

field range of −9 to −60 MV/cm, with errors of ±2 MV/cm. The 

F96oCNF mutants’ fields span from −9 ± 2 to −28 ± 2 MV/cm. The 

smaller nitrile electric field range exhibited by the mutants compared 

with the variants [20 MV/cm compared with 50 MV/cm; Fig. 2(a)] 

implies that the mutants’ nitrile environments are more hydrophilic 

than the parent F96oCNF, but the changes are more subtle than ini-
tially intended. Among P4, which possesses residues with sidechain 

charges ranging from −1 to +1, –C≡N electric fields values are the 

same within error (Table S6).
Overall, the extracted fields and H-bond shifts corroborate our 

assessment of the mutants based on their IR lineshapes. T103V 

(P1) has the same electric field and H-bond shift (2 cm 

−1 ) as its 

progenitor F96oCNF, consistent with it being the only mutant not 

expected to have a more polar nitrile environment. In general, Δ¯ νHB
≠ 0 indicates the presence of –C≡N H-bonding, and values can 

be as large as 50 cm 

−1 depending on the nitrile H-bond geometry 

and dynamics. 

38 In this case, T103V’s small H-bond shift and sin-
gle IR band indicate that it experiences fast H-bonding exchange 

dynamics. 

38 In contrast to T103V, all other mutants possess more 

negative (i.e., larger magnitude) fields due to changes to the –C≡N 

environment (Table S6). For I49T (P2), Δ¯ νHB 
remains the same 

as for F96oCNF at 2 cm 

−1 (Table I), but the average electric field

magnitude increases, indicating that the –C≡N experiences a more 

polar environment. As for the P1-type nitriles, I49T’s small, nonzero 

H-bond shift implies that it undergoes fast exchange between protic 

and aprotic populations. P3- and P4-type nitriles have even more 

negative average electric fields than I49T, indicating they possess 

the most polar environments of the mutants; at the same time, 

their spectra possess two peaks, indicating more slowly exchanging 

H-bonding populations. In that case, all F96oCNF mutant nitriles 

have an underlying H-bonding population. To further investigate 

this finding and identify potential H-bond donors (which need to 

be known to obtain MD H-bond blueshifts), we turned to X-ray 

crystallography.

X-ray crystal structures suggest potential –C≡N 

H-bond donors

We obtained low temperature (100 K), high resolution 

(<1.25 Å) X-ray crystal structures for all eight F96oCNF mutants 

at pH 6.0 (Table S10) to enable interpretation of the environmen-
tal phenotypes from IR spectroscopy. In addition, these structures 

served as necessary starting points for MD simulations. Global struc-
tural alignment of F96oCNF and all mutants indicates that the 

tertiary structure is highly conserved (Fig. S11), which is reflected 

in the root mean square deviations all being <0.3 Å (Table S11). 

The structures enable us to compare the local nitrile environment 

in F96oCNF 

30 with the environments in the mutants. Here, we 

present a comparison of the phenotype representatives’ local envi-
ronments (Fig. 3), while a comparison for F96oCNF and all mutants 

is provided in the supplementary material (Fig. S13). In both fig-
ures, interactions with the nearest potential nitrile H-bond donor 

are shown with cyan dashed lines.
F96oCNF and its mutants possess a single nitrile orientation 

with the oCNF plane essentially identical to that of F96 in wild type 

PYP. 

61 In F96oCNF (P1), oCNF96 is in a predominately hydropho-
bic environment, where the closest contacts from the surrounding 

amino acids are all carbons [Fig. 1(b)]. The IR analysis shows that it 

has a nonzero Δ¯ νHB 
(Table I), and our previous work demonstrated 

that a value of Δ¯ νHB 
≠ 0 indicates the presence of H-bonding. 

38 The 

closest potential H-bond donor, a water termed Water 1, is ∼5 Å 

from the nitrile [Fig. 3(a)], and this is also the case in T103V (Fig. 

S13). Like F96oCNF, I49T (P2) has a nonzero Δ¯ νHB 
value, and Water

1 remains at a similar distance from its nitrile [Fig. 3(b)]. In I49T, 

T49’s sidechain hydroxyl points into the bulk solvent, suggesting the 

nitrile does not H-bond with T49. As such, the most likely P1- and 

P2-type nitrile H-bond donor in solution is water.
In M100Q (P3), Q100 demonstrates a broadened electron den-

sity at the location of the amide head group; as such, the density was 

fit with two conformers [Fig. 3(c)], both of which are 3.4 Å from 

the nitrile (Table S13). Electron density is observed for two waters 

at an O–O-distance of 2.1 Å, which is too short to correspond with 

a noncovalent interaction between them. We therefore modeled the 

waters as alternative positions of Water 1, and they can be matched 

to the Q100 conformers at Q100 N ε1 
–Water 1 H-bonding distances 

of 3.1 Å (Fig. S14). As Water 1 is 4.0 Å from the nitrile in one of the 

conformations, the structure suggests that M100Q’s –C≡N H-bonds 

with Q100 and/or water in solution.
In the crystal structure for M100D (P4), D100 was fit with two 

conformers, and the major conformer (conformer A) faces away 

from the nitrile and points toward the surrounding bulk water
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FIG. 3. Low temperature (100 K) crystal structures for environmental phenotypes. 

Panels display closeups of oCNF96 and local environments highlighting the poten-
tial H-bond donor(s) for the –C≡N in phenotype representatives, i.e., (a) F96oCNF 

(P1), 

30 (b) I49T (P2), (c) M100Q (P3), and (d) M100D (P4). 2mF o 
-DF c 

electron 

density maps contoured at 1σ are displayed for the nitriles, mutated residues, and 

relevant water(s). M100Q and M100D show multiple conformers for the mutated 

residue; occupancies can be found in Table S12. Labels for mutated amino acids 

are shown underlined, and structure resolutions are shown in the upper right cor-
ner. Contacts for closest potential nitrile–donor H-bond(s) are shown with cyan 

dashed lines; explicit N–donor distances and angles are provided in Table S13. An 

analogous comparison for F96oCNF and all mutants is shown in Fig. S13.

[Fig. 3(d)]. This opens up space near the nitrile such that both 

Water 1 and an additional water, Water α, are observed within 4.0 Å 

of the nitrile. Water α is also observed in two of the other four 

P4-type nitriles (Fig. S13), implying the mutations in P4 create a 

more solvent-accessible pocket in solution. Thus, M100D’s structure 

suggests that water is the major –C≡N H-bond donor for P4-type 

nitriles rather than the newly introduced residues.
Overall, the crystal structures are consistent with the environ-

mental phenotypes from the IR spectra. The P1 and P2 structures 

are highly analogous, while the P3 and P4 structures show larger 

deviations from the P1 nitrile local environment; these observa-
tions match the relative (dis)similarity of the phenotype IR spectra 

[Fig. 2(b)]. Moreover, water is observed closer to the nitrile in the 

P3 and P4 structures, consistent with those phenotypes experienc-
ing larger average nitrile electric fields (Table I). At the same time, 

the structures imply all nitriles in F96oCNF or the mutants experi-
ence a mixture of hydrophobic and hydrophilic interactions, which 

is consistent with their electric field range being only 20 MV/cm 

(Table I). Next, we turned to MD simulations to characterize the 

nitriles’ electric fields and H-bonding interactions for benchmark-
ing; the simulations were also used to clarify H-bonding for the 

M100Q nitrile.

Molecular dynamics with the AMOEBA force field 

enable quantification of nitrile electric fields, 

H-bonding fractions, and H-bond distances and 

angles

MD simulations starting from crystal structures were per-
formed with the AMOEBABIO18 force field 

54 to produce 200 ns

(eight repeats of 25 ns) aggregate trajectories for the F96oCNF 

mutants. Based on our findings from IR spectroscopy, M100E and 

M100D were run with anionic residues at position 100, while H100 

in M100H was treated as net neutral (protonated at N δ2 

—see dis-
cussion in the supplementary material, Sec. S3). In addition, 100 ns 

of MD were produced for the original PYP variants to supplement 

the previously procured 100 ns, 

52 which brought each variant to 

a total of 200 ns. The electric fields from the protein MD sim-
ulations are referred to as ∣ ⃗ F∣ C≡N,MD 

, and field distributions for 

all nitrile-containing PYPs are shown as black traces in Fig. 4. 

These were calculated instead of IR spectra—which have been 

used for benchmarking elsewhere 

38,49 —because we aim to directly 

compare computationally and experimentally derived electric 

fields.
The MD distributions of electric fields for F96oCNF and 

mutants are asymmetric or bimodal (Fig. 4), indicating that mul-
tiple populations are present. To better understand these underlying 

populations, each MD frame was classified as H-bonding or non-
H-bonding with respect to the nitriles using a heavy-atom H-bond 

distance cutoff (N⋅ ⋅ ⋅X) of 4.0 Å and an H-bond cone (N⋅ ⋅ ⋅X–H) 

of 30 

○ , as we did previously (Fig. S2), 

52 and the resulting –C≡N 

H-bonding population fractions (f protic 
) and non-H-bonding popu-

lation fractions (f aprotic 
) are provided in Table II. The two underlying 

populations are visualized in Fig. 4 as magenta and gray histograms
for H-bonding and non-H-bonding environments, respectively. 

They separate into distinct electric field distributions with the H-
bonding distributions centered at larger electric fields. We quantified 

the median electric fields for the non-H-bonding (∣ ⃗ F∣ C≡N,aprotic,MD 
)

and H-bonding (∣ ⃗ F∣ C≡N,protic,MD 
) populations (Table II; shown as

dashed lines in Fig. 4) and found that the P1-, P2-, and P4-type 

nitriles experience similar median values for both subpopulations. 

Furthermore, for P1-, P2-, and P4-type nitriles, the H-bonding 

fractions demonstrate more variability than the median field val-
ues (Table II). Indeed, the H-bonding fractions vary from 20% to 

55%, a 2.8-fold change, while the analogous changes for the non-
H-bonding and H-bonding median electric fields are 1.3-fold and 

1.1-fold, respectively. In general, we find that P1-type nitriles have 

the smallest H-bonding fraction, followed by P2-type and then P4-
type. The average TDM-derived fields increase along the same order 

(Table I), implying that the mutations primarily affect the average
∣ F⃗∣ C≡N,TDM 

values by modulating the nitriles’ H-bonding fractions.
Using the median fields and H-bonding/non-H-bonding fractions, 

we obtained average MD electric fields for comparisons with average
TDM-derived fields, and these fraction-weighted median ∣ ⃗ F∣ C≡N,MD
values are provided in Table II and illustrated as solid lines in 

Fig. 4.
Interestingly, M100K does not follow the MD H-bonding frac-

tion and electric field trends just described. Instead, its H-bonding 

fraction is significantly smaller than that of any other P4-type nitrile 

(Table II). To understand this effect, we examined nitrile H-bond 

residence times in the simulations (supplementary material, Sec. 8). 

Our analysis found M100K’s –C≡N engages in many more >1 ns 

H-bonds than the other P4-type nitriles (Table S19). We inspected 

M100K’s MD trajectory and found several instances of long-lived 

K100–T103 H-bonds (Fig. S26). These H-bonds artificially reduce 

M100K’s H-bonding fraction on the timescale of our MD simu-
lations, so we exclude M100K from forthcoming correlations for 

benchmarking.
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FIG. 4. MD electric field distributions for nitrile-incorporated PYPs. Simulations were run eight times at 25 ns each for 200 ns of data per protein. Electric field distributions 

(black traces) are decomposed into their H-bonding (magenta) and non-H-bonding populations (gray). Magenta and black dashed lines indicate the median H-bonding and 

non-H-bonding electric fields, respectively, and the solid lines indicate the fraction-weighted electric fields. Field distributions for M100E, M100D, and M100H come from 

simulations with E100 and D100 deprotonated and H100 protonated at N δ2 

(i.e., net neutral). M100K’s distribution deviates significantly from the other P4-type distributions, 

causing this mutant not to be used for benchmarking.

Notably, the above analysis focuses on the P1-, P2-, and P4-type 

nitriles due to the similarity of their H-bonding and non-H-bonding 

median electric fields (Table II). In contrast, M100Q (P3) is the 

only mutant where the median H-bonding field is significantly 

smaller than that for the other phenotypes (Table II). To under-
stand why this is the case, we identified the nitrile H-bond donors 

for all H-bonding frames, with particular interest in the distribu-
tion of protein and solvent H-bonds (Table S20). We found that 

all non-M100Q mutant nitriles predominately H-bond with the sol-
vent, while M100Q’s nitrile is split nearly 50:50 between solvent 

and protein H-bonds, with nearly all protein H-bonds coming from 

Q100. These findings are consistent with our qualitative assess-
ment of potential –C≡N H-bond donors from the X-ray crystal

structures (Fig. 3). By breaking down M100Q’s H-bonding popu-
lation into nitrile–water H-bonds and nitrile–Q100 H-bonds, we
found that the median water ∣ ⃗ F∣ C≡N,protic,MD 

is similar to F96oCNF’s
median ∣ F⃗∣ C≡N,protic,MD 

, while the median Q100 ∣ ⃗ F∣ C≡N,protic,MD 
is

significantly smaller (compare Tables II and S21); this explains 

M100Q’s overall smaller ∣ ⃗ F∣ C≡N,protic,MD 
.

With the MD electric fields and H-bonding fraction/donor 

information in hand, we needed to obtain the average nitrile H-bond 

distances and angles to obtain computationally derived H-bond 

blueshifts [using Eq. (S1)] for benchmarking. These were pro-
cured by plotting the –C≡N H-bond distance/angle distributions for 

F96oCNF and mutants as contour plots (Figs. S31–S42) and fitting 

the plots with one or two Gaussians depending on the extent of
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TABLE II. Calculated nitrile H-bonding/non-H-bonding fractions, median electric fields, fraction-weighted electric fields, and associated errors from averaging eight independent
25 ns MD trajectories.

PYP environment 

(phenotype)

H-bonding
fraction

f protic 
(%)

Non-H-bonding
fraction

f aprotic 
(%) 

a

H-bonding 

median ∣ ⃗ F∣ C≡N,protic,MD
(MV/cm)

Non-H-bonding 

median ∣ ⃗ F∣ C≡N,aprotic,MD
(MV/cm)

Fraction-weighted 

∣ F⃗∣ C≡N,MD

(MV/cm) 

b

F28oCNF 63.6 ± 5.7 36.4 −64.0 ± 1.5 −32.5 ± 2.4 −52.6 ± 0.5
F62oCNF 0 100 N/A −15.7 ± 1.0 −15.7 ± 1.0
F92oCNF 75.1 ± 8.5 24.9 −82.4 ± 4.1 −34.9 ± 1.9 −70.7 ± 5.5
F96oCNF (P1) 25.0 ± 8.2 75.0 −51.0 ± 2.4 −19.8 ± 0.9 −27.5 ± 2.5
F96oCNF T103V (P1) 25.7 ± 12.7 74.3 −52.9 ± 6.3 −18.8 ± 1.7 −27.6 ± 5.8
F96oCNF I49T (P2) 33.5 ± 16.5 66.5 −50.9 ± 5.0 −20.4 ± 1.5 −31.2 ± 6.8
F96oCNF M100Q (P3) 48.4 ± 12.5 51.6 −38.1 ± 7.0 −18.2 ± 4.7 −27.8 ± 7.5
F96oCNF M100E (P4) 54.3 ± 7.8 45.7 −51.4 ± 5.7 −24.1 ± 2.4 −38.8 ± 5.0
F96oCNF M100D (P4) 40.5 ± 6.5 59.5 −50.8 ± 2.1 −21.1 ± 2.1 −33.1 ± 3.8
F96oCNF M100N (P4) 45.3 ± 3.6 54.7 −52.0 ± 3.0 −22.0 ± 1.6 −35.6 ± 3.2
F96oCNF M100K (P4) 20.5 ± 10.9 79.5 −54.8 ± 6.3 −25.1 ± 2.3 −31.1 ± 3.3
F96oCNF M100H (P4) 45.8 ± 11.3 54.2 −53.2 ± 4.9 −20.8 ± 3.2 −35.9 ± 7.4
a Error same as for the H-bonding fraction.
b Sum of the products of the H-bonding/non-H-bonding fractions and the H-bonding/non-H-bonding median ∣ F⃗∣ C≡N,MD 

values.

protein H-bonding (Table S23). All contour plots were well-fit with 

this scheme, and the average distances and angles are provided in 

Tables S23–S25. Below, we use the cumulative MD information from 

this section for our benchmarking efforts. Prior to this, we develop 

and apply a method to extract nitrile electric fields and H-bond shifts 

when two IR bands are present.

Development and application of an extended TDM 

tuning method for two IR bands

Analysis of a single nitrile IR band, as demonstrated above for 

P1- and P2-type nitriles, is straightforward because two observables, 

the nitrile’s TDM ∣m⃗∣ and frequency ¯ νobs 

, can be mapped onto two
unknowns, electric field ∣ ⃗ F∣ and H-bond shift Δ¯ νHB 

, using Eqs. (1)
and (2). However, if a single nitrile splits into two or more bands, 

as for the P3-/P4-type nitriles, then multiple sets of two unknowns 

must be determined. This situation is more complicated because we 

need to know additional information—such as the species’ popu-
lation fractions—to determine their TDMs. Relative fractions are 

often estimated from IR peak intensity ratios, 

62 but –C≡N TDM 

tuning [Eq. (2)] compromises this approach since protic and apro-
tic environments have very different electric fields and associated 

TDMs. 

5,30,52 Furthermore, because the IR spectra cannot provide 

the fractions, the system is underdetermined by one observable for 

two IR bands. To circumvent this problem, an alternative approach 

was recently developed that relied upon comparing nitrile intensities 

across different photoproduct states in a phytochrome at differ-
ent temperatures. 

59 However, as we sought a generally applicable 

two-band TDM tuning method, we did not pursue this approach 

here.
We opted to develop a method that depends on explicit knowl-

edge of the population fractions, i.e., f protic 
and f aprotic 

(Fig. 5). This 

is because once the population fractions are fixed, the parameters

for each IR band become fully determined and mutually indepen-
dent. Given that H-bonds often exchange on the (sub)-picosecond 

timescale, an appropriate method to directly, experimentally deter-
mine these fractions is 2D IR spectroscopy. 

63–65 In the absence 

of these data, we used f protic 
and f aprotic 

from the AMOEBA MD 

simulations. With these values in hand, the non-H-bonding and H-
bonding IR bands are scaled by the reciprocal of f protic 

and f aprotic 
, 

respectively, yielding the bands that would result if either popula-
tion were the only one present [Fig. 5(a)]. Then, the TDMs of these 

scaled bands are obtained by integrating them. 

30,60 These TDMs 

are referred to as ∣m⃗∣ 100%,protic 
or ∣m⃗∣ 100%,aprotic 

[Fig. 5(a)]. Once the
∣m⃗∣ 100% 

values are determined, the process is the same as detailed 

above: electric fields (∣ ⃗ F∣ protic,TDM 
or ∣ F⃗∣ aprotic,TDM 

) are inferred from
the TDMs using the oTN field-TDM calibration 

30 [Fig. 5(b)], which 

are used to infer ¯ ν0 
+ Δ¯ νnon-HB,protic/aprotic 

[Fig. 5(c)]. Then, by tak-
ing the difference of ¯ νobs,protic/aprotic 

and these values, Δ¯ νHB,protic/aprotic 

is obtained [Fig. 5(c)]. Significantly, this approach does not depend 

on the origin of f protic 
and f aprotic 

. Therefore, the method in Fig. 5 is 

completely general, and it may be used for cases where more than 

two nitrile IR bands are present 

57 so long as the fractions can be 

determined.
To test this method, we compared TDM- and MD-derived elec-

tric fields for oTN in methanol, since we previously found that 

the experimental IR spectrum exhibits two bands [see the inset 

of Fig. 5(a)], and AMOEBA MD simulations showed that oTN’s 

–C≡N’s low and high energy IR bands represent non-H-bonding 

and H-bonding populations, respectively. 

38 In addition, the average 

TDM-derived field using the oTN calibration, 

30 −41 ± 1 MV/cm, 

and the average MD electric field, −38 MV/cm (Table S26), are 

in close agreement. Using f protic 
= 22.0% and f aprotic 

= 78.0% from 

MD simulations (Table S26), we obtained ∣m⃗∣ 100%,aprotic 
= 0.074

± 0.001 D and ∣m⃗∣ 100%,protic 
= 0.093 ± 0.001 D, resulting in

∣ F⃗∣ aprotic,TDM 
= −39 ± 1 MV/cm and ∣ ⃗ F∣ aprotic,TDM 

= −59 ± 1 MV/cm
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FIG. 5. Procedure to extract electric fields and H-bond shifts from nitrile IR spectra with two bands. (a) The IR spectrum for oTN’s –C≡N in methanol 

38 (inset dashed 

line) is fit with two bands (inset solid lines), which are assigned to protic (p) and aprotic (a) nitrile populations. These bands are scaled by the reciprocal of the respective 

protic (f protic 

) and aprotic (f aprotic 

) fractions from AMOEBA MD simulations (1). The integrals of the scaled bands are used to determine the transition dipole moments 

60 that 

would result if the protic or aprotic populations were the only one present in solution (2); these values are referred to as ∣m⃗∣ 100%,protic 

and ∣m⃗∣ 100%,aprotic 

, respectively. (b)
Using ∣m⃗∣ 100%,protic 

and ∣m⃗∣ 100%,aprotic 

(3), the oTN TDM vs field calibration curve 

30 enables inference of ∣⃗ F∣ protic,TDM 

and ∣ F⃗∣ aprotic,TDM 

, respectively (4). (c) Plugging ∣⃗ F∣ protic,TDM

and ∣⃗ F∣ aprotic,TDM 

into the oTN aprotic field–frequency curve, 

30 ¯ ν0 

+ Δ¯ νnon-HB,protic,TDM 

and ¯ ν0 

+ Δ¯ νnon-HB,aprotic,TDM 

can be inferred [Eq. (1)] (5), and by using the measured
¯ νobs,protic 

and ¯ νobs,aprotic 

values (6), the H-bond blueshifts Δ¯ νHB,protic,TDM 

and Δ¯ νHB,aprotic,TDM 

are determined [Eq. (2)] (7) (Table S27). The spectrum of oTN in methanol in (a) is 

reproduced with permission from J. M. Kirsh and J. Kozuch, JACS Au 4(12), 4844–4855 (2024). Copyright 2024 Author(s), licensed under a Creative Commons Attribution 

4.0 License.

using the procedure in Fig. 5 (Table S27). From these fields, we can
deduce that Δ¯ νHB,protic,TDM 

= 13 ± 1 cm 

−1 and Δ¯ νHB,aprotic,TDM 
= 4

± 1 cm 

−1 according to Fig. 5(c) (Table S27).
To assess the efficacy of the two-band TDM tuning method 

for oTN in methanol, we compared the electric fields and H-bond 

shifts derived using the procedure in Fig. 5 with the corresponding 

AMOEBA values. We previously found that blueshifts for nitriles H-
bonding with solvent molecules are approximately half the Eq. (S1) 

value due to motional narrowing from fast fluctuations between H-
bonding and non-H-bonding states, 

38 and this approach is used here 

and in benchmarking below. To summarize the comparisons, we 

found that the TDM-derived electric fields are in reasonable agree-
ment (∣ F⃗∣ aprotic,MD 

= −30 MV/cm and ∣ F⃗∣ protic,MD 
= −68 MV/cm),

Δ¯ νHB,aprotic,TDM 
is in decent agreement (Δ¯ νHB,aprotic,MD 

= 0 cm 

−1 ), and 

Δ¯ νHB,protic,TDM 
is in excellent agreement (Δ¯ νHB,protic,MD 

= 12 cm 

−1 ) 

(see Sec. S9 for further discussion). We investigated potential origins 

of uncertainty for values derived from the extended TDM tun-
ing method and found that the main source for oTN in methanol 

comes from the nitrile bands’ unscaled areas, which is likely a 

consequence of the lack of clear separation between the –C≡N’s

protic and aprotic bands (Sec. S9). As the P3- and P4-type nitriles 

have similar frequency gaps between their bands (Table S8), we 

expect band fitting to be the limiting factor in those cases as well. 

Overall, the two-band TDM tuning method produces reasonable 

to excellent values when the AMOEBA H-bonding and non-H-
bonding fractions are used, implying that the approach outlined 

in Fig. 5 can be used for benchmarking the P3- and P4-type 

nitriles.
Using the unscaled band areas from P3- and P4-type nitrile IR 

spectral fits (Fig. S10) and the MD-based f protic 
/f aprotic 

from Table II, 

we derived IR peak parameters for each underlying population; the 

results for P3 and P4 representatives are given in Table III and 

for the remaining P4-type nitriles in Tables S29 and S30. The elec-
tric field difference for M100Q’s protic and aprotic populations (−6
± 4 MV/cm) is smaller than that for M100D (−29 ± 4 MV/cm), 

mirroring the trend observed for the MD values (Table II). More-
over, Δ¯ νHB,aprotic,TDM 

is as close to 0 cm 

-1 for both phenotypes (0 ± 1 

and −3 ± 1 cm 

−1 for P3 and P4, respectively) as it was for oTN in 

methanol (4 ± 1 cm 

−1 ), so the values derived here are useful for 

benchmarking.

TABLE III. Extracted IR peak parameters for P3- and P4-type nitrile representatives.

Environment ∣m⃗∣ 100% 
(D)

∣ F⃗∣ C≡N,TDM
(MV/cm)

Δ¯ νnon-HB,TDM

(cm 

−1 )
Δ¯ νHB,TDM

(cm 

−1 )

M100Q a 
(P3 aprotic 

) 0.059 ± 0.002 −22 ± 3 −4 ± 1 0 ± 1
M100Q p 

(P3 protic 
) 0.064 ± 0.002 −28 ± 2 −5 ± 1 7 ± 1

M100D a 
(P4 aprotic 

) 0.053 ± 0.002 −15 ± 2 −3 ± 1 −3 ± 1
M100D p 

(P4 protic 
) 0.079 ± 0.003 −44 ± 3 −8 ± 1 8 ± 1
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DISCUSSION

To assess AMOEBA’s description of local noncovalent interac-
tions, we compare TDM- and MD-derived ∣ ⃗ F∣ values and H-bond 

blueshifts for the 12 nitrile-containing PYPs. These comparisons 

are broken down into four categories: comparisons of average elec-
tric fields, which can be performed independent of the number of 

IR bands; comparisons of H-bond blueshifts for single IR bands; 

comparisons of individual fields for nitrile subpopulations using the 

procedure in Fig. 5; and comparisons of blueshifts for protic nitrile 

subpopulations using the same procedure. We first compare the 

electric fields and H-bond blueshifts from the single-band TDM tun-
ing analysis. The electric field comparisons directly extend upon our 

prior benchmarking study. 

52 Then, we correlate fields and blueshifts 

derived from the extended TDM tuning method. These test the mod-
eling of individual nitrile protic and aprotic environments for the 

first time, enabling the most comprehensive VSE-based assessment 

of AMOEBA with this approach to date. Together, these compar-
isons are a much more stringent test of AMOEBA than comparing 

the average fields alone, as we did previously 

52 (see Table S31).

Correlation of average TDM- and MD-derived electric 

fields and H-bond blueshifts

As described above, total –C≡N IR band areas can be translated
into average ∣ ⃗ F∣ C≡N,TDM 

values irrespective of band (a)symmetry
(Fig. 2 and Table S6). For benchmarking, these values correspond to
the averaged MD electric fields ∣ ⃗ F∣ C≡N,MD 

, which represent fraction-
weighted convolutions of all nitrile environments (Table II and solid 

lines in Fig. 4). Figure 6(a) shows the correlation between these 

experimental and computational electric field values for all nitrile-
containing PYPs. Upon inspection, we find that the data points
cluster in four regions of the plot where ∣ ⃗ F∣ C≡N,TDM 

is roughly −15,
−25, −40, and −60 MV/cm. From low to high field, the clusters are 

comprised of hydrophobic F62oCNF and the P1-/P2-type nitriles, 

the P3-/P4-type nitriles, F28oCNF, which H-bonds with solvent, and 

F92oCNF, which H-bonds with the protein. 

30,52 Importantly, only 

the F62oCNF point stands for a homogeneous environment, while 

the rest represent environments undergoing H-bonding exchange at 

room temperature.
A linear fit weighting errors in both dimensions was obtained 

to quantify the relationship between the electric fields. 

52 In the case 

of perfect agreement, a linear fit to the values would have a slope of 

unity. In line with our previous finding using the original four PYP 

variants, 

52 we observe a strong linear correlation between experi-
mentally and computationally derived electric fields for the extended 

collection of PYP variants/mutants, as indicated by the R 

2 value of
0.84. The regression provides a best fit line of ∣ ⃗ F∣ C≡N,MD 

= (1.16
± 0.09) ∣ ⃗ F∣ C≡N,TDM 

– (5.8 ± 2.5), which is nearly identical to the
regression line we previously obtained for the limited set of origi-
nal variants {∣⃗ F∣ C≡N,MD 

= (1.17 ± 0.09) ∣ ⃗ F∣ C≡N,TDM 
– (5.3 ± 2.7) }.

Both lines possess nonzero offsets as a consequence of subtle differ-
ences in the MD parameters for oTN, which is used for TDM-field 

calibrations, and the protein-bound oCNF amino acid (see Ref. 52 

for further discussion).
The similarity of the lines, particularly with respect to 

the slope, has important implications: AMOEBA’s ability to

recapitulate electric fields for the mutants, which introduced new 

types of environments with more complex lineshapes and H-
bond exchange dynamics, strengthens our earlier argument that 

its sophisticated electrostatic description makes it uniquely versa-
tile. 

52 A similar conclusion was also reached by Bradshaw et al. 

when they tested electric fields for a small protein test set using 

AMOEBA, AMBER, and CHARMM force fields. 

69,70 Now, using our 

more comprehensive collection of mutants and variants, this con-
clusion regarding AMOEBA’s modeling accuracy can be made more
confidently. 

For additional benchmarking, we turned to –C≡N H-bond 

blueshifts, which can be quantified from TDM and frequency tun-
ing. 

30 The H-bond shift is a metric for H-bond distance, angle, 

and dynamics, 

38 so comparing experimental and MD-derived shifts 

implicitly tests how well AMOEBA models the kinetic and thermo-
dynamic aspects of nitrile–environment interactions. Accordingly, 

we compared the experimentally derived blueshifts for single IR 

bands, Δ¯ νHB,TDM 
(Table S6), against the average MD blueshifts. In 

general, experimental nitrile blueshifts are directly dependent on 

the average H-bond distance and angle according to Eq. (S1). 

38 

As such, Eq. (S1) was used to determine computationally derived 

Δ¯ νHB,MD 
values based on the average nitrile MD H-bond geometry 

of the protic fraction (Tables S23 and S25). If this H-bonding pop-
ulation (Δ¯ νHB 

≠ 0) shows extensive fluctuations and/or exchanges 

rapidly with a non-H-bonding population (Δ¯ νHB 
= 0), the experi-

mental IR spectrum will be averaged due to motional narrowing. As 

both scenarios can occur for the PYP nitriles, we sought approaches 

to account for them. First, if the H-bonding population fluctuates 

rapidly relative to IR timescales and the on- and off-rates are equal, 

experimentally derived H-bond shifts take on half of their original 

value, i.e., the average of Δ¯ νHB 
and 0 cm 

−1 . 

38 We previously found 

that treating the rates as equal effectively describes the limiting case 

of rapid chemical exchange for model molecule oTN in methanol 

or water. 

38 As such, we treat MD solvent–nitrile H-bonds as being 

in rapid exchange, i.e., values from Eq. (S1) are halved. In addi-
tion, we treat protein–nitrile H-bonds as slowly exchanging, i.e., no 

averaging is applied: this is because AMOEBA simulations showed 

that these H-bonds have relatively longer residence times, and this 

approach was previously used to successfully model MD-based H-
bond shifts. 

38,52 Finally, we account for rapid exchange between 

H-bonding and non-H-bonding populations in MD simulations by 

fraction-weighting all H-bond shift values, i.e., by multiplying full 

or halved values from Eq. (S1) by f protic 
. We note that accounting 

for both effects is important as we used an H-bond cutoff of <4.0 Å, 

which captures the entire first (fluctuating) H-bonding coordination 

sphere observed in nitrile radial distribution functions (see Fig. S3 in 

Ref. 52).
This overall approach was applied to P1- and P2-type nitriles 

to obtain Δ¯ νHB,MD 
values. These values are compiled in Table 

S32 along with the experimentally derived blueshifts. The correla-
tion of experimental vs MD-derived H-bond blueshifts for nitriles 

with single IR bands is provided in Fig. 6(b). The H-bond shifts 

increase in the same order as the average fields in Fig. 6(a), demon-
strating the close connection between nitrile H-bonding charac-
teristics and electrostatic environment. Fitting the data gives an 

excellent linear relationship: Δ¯ νHB,MD 
= (0.96 ± 0.03) Δ¯ νHB,TDM

+ (1.0 ± 0.3), with R 

2 

= 0.98. This demonstrates that AMOEBA
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FIG. 6. Strong correlations between (a) average ∣ F⃗∣ C≡N,TDM 

and fraction-weighted ∣ F⃗∣ C≡N,MD 

values, (b) average Δ¯ νHB,TDM 

and Δ¯ νHB,MD 

values, (c) TDM- and MD-derived

∣ F⃗∣ C≡N,aprotic 

and ∣⃗ F∣ C≡N,protic 

values, and (d) protic Δ¯ νHB,TDM 

and Δ¯ νHB,MD 

values for nitrile-containing PYPs indicate AMOEBA accurately models diverse protein environments.

In (a) and (c), ∣⃗ F∣ C≡N,TDM 

values are derived from the oTN AMOEBA electric field-TDM calibration, 

30 with the method for extracting values for two IR bands provided in Fig. 5;

∣ F⃗∣ C≡N,MD 

values come from MD simulations of the proteins (Table II). In (b) and (d), Δ¯ νHB,TDM 

values are obtained from the difference in the observed –C≡N peak frequency
and Δ¯ νnon-HB,TDM 

(see Fig. 5 for an illustration); Δ¯ νHB,MD 

values come from inputting the average MD H-bond distance and angle into Eq. (S1) and accounting for H-bond 

donor type and band averaging. All experimentally and computationally derived blueshifts can be found in Table S32. Triangular points are for individual nitrile subpopulations, 

while non-triangular points represent average nitrile populations. Coefficients of determination and error-weighted linear regressions 

66,67 are shown in red in with R 

2 

= 0.98 

and ∣ F⃗∣ C≡N,MD 

= (1.16 ± 0.09) ∣ F⃗∣ C≡N,TDM 

– (5.8 ± 2.5) in (a), R 

2 

= 0.83 and ∣ F⃗∣ C≡N,MD 

= (1.18 ± 0.07) ∣ F⃗∣ C≡N,TDM 

– (4.6 ± 2.0) in (c), R 

2 

= 0.98 and Δ¯ νHB,MD 

= (0.96 ± 

0.03) Δ¯ νHB,TDM 

+ (1.0 ± 0.3) in (b), and R 

2 

= 0.83 and Δ¯ νHB,MD 

= (0.99 ± 0.03) Δ¯ νHB,TDM 

+ (1.2 ± 0.3) in (d); the light blue regions indicate 2σ confidence intervals. The 

constant offsets arise from the challenges of evaluating the self-field 

68 for protein-incorporated oCNF and/or our oCNF parameterization method (see Sec. S1 in Ref. 52 for 

details). For all fits, perfect MD recapitulation of the TDM-derived values would result in a best fit line with unit slope. Note that the point for T103V is covered by F96oCNF in 

all panels. Errors of ±0.5 and ±1 cm 

−1 were used for TDM-derived H-bond shifts from one- and two-band TDM analysis, respectively (Sec. S11).
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can effectively recapitulate nitrile H-bonding fractions and average 

angles and distances for the limiting case of fast H-bond exchange, 

which was observed spectroscopically as P1- and P2-type nitrile 

environments.

Correlation of electric fields and H-bond shifts for 

nitriles with two IR bands

The P3- and P4-type nitriles show asymmetric band shapes 

due to individual H-bonding and non-H-bonding populations in 

slower chemical exchange. These cases provide the opportunity to 

test the application of the dual TDM and frequency tuning method 

for complex cases with overlapping –C≡N bands. This provides an 

even more stringent test of AMOEBA by expanding our benchmark-
ing to explicitly include populations with relatively slow H-bonding 

dynamics. Moreover, it enables a test of subpopulation fields and 

H-bond shifts rather than averaged values for the first time.
As described in the section titled “Results”, we determined the 

individual TDM- and MD-derived average electric fields for the 

H-bonding and non-H-bonding subpopulations of nitriles exhibit-
ing two IR bands (Tables II, S29, and S30). A comparison of all 

experiment- and simulation-based fields, i.e., the ones from both the 

single- and two-band analyses, is shown in Fig. 6(c). We find that 

the P3- and P4-type nitrile data points, which originally clustered 

around −25 MV/cm [Fig. 6(a)], now separate into the hydropho-
bic cluster at −15 MV/cm and the cluster for nitriles H-bonded to 

solvent at −40 MV/cm. This latter partitioning agrees with crys-
tallographic evidence that these nitriles are exposed to bulk water 

(Figs. 3 and S13). When we apply a linear fit, we once again obtain a 

very good correlation with R 

2 

= 0.83 and a best fit line of ∣ ⃗ F∣ C≡N,MD

= (1.18 ± 0.07) ∣ ⃗ F∣ C≡N,TDM 
– (4.6 ± 2.0). Significantly, the correlation

and fit remain effectively unchanged from the case using average 

fields alone in Fig. 6(a). Since the procedure in Fig. 5 required the 

experimental band shapes to be scaled by the MD H-bonding/non-
H-bonding fractions, the invariance of the fitting parameters implies 

that AMOEBA properly models subpopulations which are in the 

slow H-bond exchange regime. It relatedly implies that hundreds-
of-nanoseconds simulations can reasonably estimate H-bonding 

fractions in proteins without large conformational changes, like 

PYP. 

71

In analogy to the approach for single –C≡N IR bands, we deter-
mined the H-bond blueshifts for the H-bonding populations from 

experiments (Table S30) and MD. We again derived the MD H-
bond shift via the H-bond geometry for the H-bonding population 

and halved those values to obtain Δ¯ νHB,MD 
when the H-bond rapidly 

fluctuates relative to the single ps timescale of oCNF’s vibrational 

dephasing (Table S32). 

72,73 In contrast to Δ¯ νHB,MD 
values for sin-

gle nitrile bands, multiplication by f protic 
is unnecessary here since 

comparisons with the experimental protic population are explicitly 

made. Comparing all TDM- and MD-derived H-bond blueshifts, we 

obtain a best fit of Δ¯ νHB,MD 
= (0.99 ± 0.03) Δ¯ νHB,TDM 

+ (1.2 ± 0.3) 

with R 

2 

= 0.83 [Fig. 6(d)]. Again, we find that the best fit line is 

largely unchanged when we include values derived using the two-
band TDM tuning method. However, R 

2 in Fig. 6(d) is lower than 

that in Fig. 6(b), and inspection of Fig. 6(d) suggests this stems from 

deviations in the MD H-bond blueshifts of the P4-type nitrile pro-
tic populations. We investigated these blueshifts and found that they 

are likely overestimated due to our assumption that solvent H-bond

shifts are halved compared to their value from Eq. (S1) due to fast 

H-bond fluctuations. Indeed, when the MD-derived shifts for P4-
type nitriles are instead indirectly obtained from the MD electric 

fields, the Δ¯ νHB,MD 
values decrease, and the same linear fit (within 

error) as in Fig. 6(d) is obtained but with an R 

2 of 0.99 (see Table 

S33, Fig. S44, and discussion in Sec. S11). The similarity of the best 

fit lines in Figs. 6(b) and 6(d) and the good to excellent R 

2 val-
ues directly show that nitrile H-bond geometries and dynamics are 

properly simulated independent of the H-bonding exchange regime. 

The slopes and correlations are highly similar to those in our prior 

work comparing TDM- and MD-derived H-bond shifts, 

38 with the 

latter obtained from AMOEBA MD-based IR spectra. This finding 

implies a robustness in the assessment of H-bond shifts in solvent 

and diverse protein environments; this is notable given our prag-
matic treatment of motional narrowing effects via averaging. It also 

establishes the H-bond blueshift as an independent observable for 

benchmarking applications.

Implications for the AMOEBA force field and using 

nitriles to probe local noncovalent interactions

The comparisons in Fig. 6 using the extended collection of 

nitrile-containing PYPs show that AMOEBA correctly models local 

electric fields and H-bond shifts, a metric for nitrile H-bond geom-
etry. Importantly, these nitriles undergo fast and slow H-bond 

exchange dynamics while experiencing a wide range of average 

electric field strengths and H-bond donors. These points together 

indicate that AMOEBA properly simulates nitrile noncovalent inter-
actions and thermodynamic and kinetic parameters in highly diverse 

protein environments. Specifically, accurate modeling of electric 

fields, H-bond geometries, and H-bonding fractions supports ther-
modynamic fidelity, while the ability to reproduce these parameters 

across fast and slow H-bond exchange regimes supports kinetic 

accuracy. Each correlation in Fig. 6 probes a distinct convolution of 

these factors (see explicit relations in Table S31), and their individ-
ual and collective strength justifies our conclusion. In contrast, we 

previously found that the fixed-charge AMBER force field is much 

less accurate at modeling nitrile H-bonding species, 

52 and reanalysis 

of the PYP variants’ AMBER results implies that this is because it 

does not properly model the kinetics or thermodynamics of nitriles 

interacting with their environments (Sec. S12).
The strong correlations observed here demonstrate that nitrile 

TDM–frequency dual tuning is a versatile tool for probing non-
covalent interactions across environments with both fast and slow 

H-bond dynamics. This is an important finding, as many stud-
ies employing nitriles have been hampered by the presence of 

H-bonding and complicated IR lineshapes that impede VSE-based 

electric field assessments via frequency shifts. 

25,74–76 In this con-
text, we recall that our calibration for measuring –C≡N electric 

fields in proteins is based on correlating nitrile TDMs for the oTN 

model molecule with AMOEBA electric fields in solvents. 

30,52 This 

makes the strong correlations in Fig. 6 even more impressive and 

strengthens the use of –C≡N TDMs as a robust observable for 

assessment of electric fields in the condensed phase, with success-
ful application in a diverse range of 11 solvents and 12 proteins so
far. 

30,52

This study was greatly aided by the versatility of PYP as a 

model system: it is amenable to nitrile incorporation via amber
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suppression, its crystals diffract to high-resolution, its visible absorp-
tion spectrum can be used to assess the nitrile concentration 

for TDM calculation, and it is a small protein with conforma-
tional dynamics that are adequately captured in ∼100 ns MD 

simulations. 

30,52 Of these features, the most important for TDM 

tuning analysis was the ability to precisely determine the nitrile con-
centration. This may be difficult to do in some contexts, such as 

on electrode surfaces 

16,32,77 or in metal organic frameworks. 

10 Fur-
thermore, nitrile probes in these systems are often more readily 

observed using Raman spectroscopy or vibrational sum-frequency 

generation, 

10,77 where intensities do not simply depend on TDMs. 

At the same time, nitrile IR intensities can be particularly useful 

for systems that undergo time-dependent structural changes at con-
stant concentration, e.g., the PYP photocycle 

78 or other light-driven
proteins. 

59,76,79,80

CONCLUSIONS AND OUTLOOK

Benchmarking MD force fields with local observables is crit-
ical to ensure that they are physically accurate and provide real-
istic chemical modeling. 

81,82 In this study, we report a collection 

of nitrile-containing PYP mutants, which we characterized with 

IR spectroscopy, X-ray crystallography, and MD simulations. This 

characterization enabled assessment of nitrile local environments 

via one- and (newly established) two-band TDM tuning methods. 

Benchmarking AMOEBA using electric fields and H-bond shifts 

revealed strong correlations between experiments and simulations, 

showing that it accurately captures subtle and significant differences 

in nitrile electrostatic and H-bonding noncovalent interactions. 

Notably, strong correlations were found for settings with slow and 

fast exchange dynamics, suggesting that AMOEBA models thermo-
dynamic and kinetic parameters of nitrile–environment interactions 

well. Altogether, our previous 

52 and present tests of force fields at 

both chemical and physical levels show that while fixed-charge mod-
els often achieve qualitative consensus with experiments, force fields 

with more extensive electrostatic descriptions, such as AMOEBA, 

are needed to consistently attain quantitative agreement. Conse-
quently, AMOEBA holds extraordinary potential as a force field for 

proteins and biomolecules in general. 

83–91

To conclude, we highlight future experimental and compu-
tational opportunities based on this study and our recent work 

on nitriles. 

30,38,52 Just as measuring –C≡N frequencies and TDMs 

enables two unique assessments of local noncovalent interactions, 

similar dual tuning applications may enhance the utility of alkynes 

(–C≡C–) 

92 and isonitriles (–N≡C) 

64 to inform on molecular envi-
ronments. Relatedly, using AMOEBA to model small molecules 

with these probes can likely help with recapitulating IR spectra 

from vibrational spectroscopic maps, 

93,94 as was the case when we 

modeled the –C≡N blueshift. 

38 In addition, employing 2D IR spec-
troscopy to study nitriles 

73,95,96 can expand their use as electric 

field reporters, as absolute and relative TDMs can be determined 

more accurately than with linear IR spectroscopy. 

64,65,97,98 Cou-
pling this method with TDM tuning analysis would likely be useful 

for the common situation where –C≡N spectra in proteins report 

on heterogeneous environments with multiple bands. 

29,57,59,76,99–101 

Furthermore, exchange rates can be determined directly using 2D 

IR spectroscopy, 

63,64 and these can be used as another observable 

for benchmarking; isonitriles may prove useful for this, as they have

larger extinction coefficients than nitriles 

102 and slower exchange 

dynamics, which often leads to larger band separation. 

64,93,103,104 

Finally, our benchmarking was enabled by generating and exten-
sively characterizing 12 diverse nitrile-containing PYPs. We hope 

this collection can aid future benchmarking for extensions of 

AMOEBA, 

105–109 other polarizable force fields, such as the Drude-
type implementations, 

110,111 and machine learning force fields. 

112–117

ACCESSION CODES

All X-ray density maps and atomic models for the proteins have 

been deposited in the Protein Data Bank. PYP variants: F28oCNF, 

7SPX; F62oCNF, 7SPW; F92oCNF, 7SPV; F96oCNF, 7SJJ. F96oCNF 

mutants: T103V, 8E02; I49T, 8DZY; M100Q, 8E1K; M100E, 8E09; 

M100D, 8E03; M100N, 8 E1L; M100K, 8DZX; M100H, 8DZU.

SUPPLEMENTARY MATERIAL

See the supplementary material for experimental details on 

sample preparation and IR spectroscopy, computational details on 

MD simulations, IR spectra and TDM calibration curve for Boc-
protected version of oCNF, UV–Vis spectra and visible extinction 

coefficient determination of F96oCNF PYP mutants, IR spectra 

of F96oCNF mutants at pH 8.5, X-ray crystallography methods, 

discussion on crystallography of F96oCNF mutants, MD analysis 

of nitrile-incorporated PYPs, discussion on extended TDM tun-
ing method, MD H-bond shifts, alternative H-bond blueshift cor-
relations, broader implications from this study, and attempts to 

characterize MD nitrile H-bonding and non-H-bonding residence 

times.
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S1 Sample Preparation 

Plasmid Construction 

Constructs for the Photoactive Yellow Protein (PYP) F96oCNF mutants were generated using the 
previously reported pBAD-PYP-F96TAG plasmid1 using an Agilent QuikChange Lightning Site-Directed Mutagenesis 
Kit. Resultant PYP plasmids were co-transformed with pEVOLpylT-N346AC348A (Addgene) into MAX Efficiency™ 
DH10B Competent Cells (ThermoFisher).  

 

DNA Sequence 

pBAD-PYP-F96TAG (codon for chromophore attachment site underlined; amber suppression TAG site in 
bold; I49, M100, T103 codons in green, blue, and red, respectively) 

ATGGGGGGTTCTCATCATCATCATCATCATGGTATGGCTAGCATGACTGGTGGACAGCAAATGGGTCGGGATCTGTACGAC
GATGACGATAAGGATCCGAGACTCGAGGATGACGATGACAAAATGGAACACGTAGCCTTCGGTAGCGAGGACATCGAGA
ACACCCTCGCCAAGATGGACGACGGCCAGCTCGACGGCCTGGCCTTCGGCGCCATCCAGCTCGACGGCGACGGCAACATCC
TTCAGTACAACGCCGCGGAGGGCGACATCACCGGCCGCGACCCGAAGCAGGTCATCGGCAAGAACTTCTTCAAGGACGTG
GCCCCGTGCACTGACAGCCCGGAGTTCTACGGCAAGTTCAAGGAAGGGGTGGCCTCGGGCAACCTGAACACGATGTTCGA
GTACACCTAGGATTACCAAATGACGCCCACGAAGGTGAAGGTGCACATGAAGAAGGCCCTCTCCGGCGACAGCTACTGGG
TCTTCGTCAAGCGCGTCTAA 

Note, the plasmid map and entire DNA sequence for the progenitor plasmid pBAD-PYP were previously 
provided in ref. 1. 

 

Protein Expression and Purification 

 Protein expression, apo-PYP isolation, chromophore activation and incorporation, and purification of 
reconstituted protein were performed as previously reported.1 As before, heterologous overexpression was 
performed in defined auto-induction media2 with phenylalanine withheld and addition of 1 mM 2-cyano-L-
phenylalanine (oCNF; Chem-Impex International). The buffer used from cell pellet resuspension through His-tag 
nickel affinity chromatography was Buffer A (20 mM TrisHCl (Fischer Scientific), 10 mM NaCl (Fischer Scientific), 
pH 8.0). PYPs reconstituted with para-coumaric acid (pCA) and with an intact N-terminal His-tag were purified via 
anion exchange chromatography on a linear program beginning in Buffer A and ending at 40% Buffer B (20 mM 
Tris HCl, 1 M NaCl, pH 8.0); proteins did not elute until ≥25% Buffer B. His-tags were cleaved by enterokinase (New 
England Biolabs), and PYP re-purified with anion exchange chromatography eluted between 13 and 21% Buffer B. 
The identity of all proteins was confirmed with liquid chromatography-electrospray ionization mass spectrometry 
(LC-ESI/MS) measured on a Waters 2795 Acquity HPLC with ZQ single quadrupole detector and C8 column 
attachment at Stanford University Mass Spectrometry (SUMS) facility. Expected and observed masses following 
His-tag removal are summarized in Table S1. 
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Table S1. Expected and observed mass for each F96oCNF PYP construct with chromophore incorporated. 

 

 

 

 

 

 

 
a Predicted from the primary sequence with N-terminal His-tag removed. 
b Proteins with ~15kDa mass have ±5 Da deviations, depending on protonation states. 

 

Protein Preparation for Fourier Transform Infrared (FTIR) Spectroscopy 

PYPs were buffer exchanged on a 10 kDa Amicon centrifugal filter unit from the pH 8.0 buffers into a pH 
6.0 buffer containing 20 mM NaH2PO4 (Fischer Scientific) and 10 mM NaCl. IR was also performed for some PYP 
mutants at pH 8.5 in 20 mM Tris-HCl and 10 mM NaCl (see Figure S9 and discussion). 3 mg of PYP was exchanged 
by centrifugation at 14,000 G at 4°C until the sample was concentrated to ~0.02 mL, at which point the sample 
was spun an additional hour at the same conditions. Concentrated samples were pipetted up and down to ensure 
homogeneity and transferred to a microcentrifuge tube for storage. Immediately prior to use for FTIR 
spectroscopy, samples were spun down for one hour at 21,000 G at 4°C. Several PYPs demonstrated changes in 
their UV-Vis profile upon exposure to ambient light (see Section S2), so light exposure was minimized during 
sampling loading into the IR cell and handling to ensure that the protein remained in its dark-adapted ground 
state. 

 

Small Molecule Preparation for FTIR Spectroscopy 

Inspired by a report using a tert-butyloxycarbonyl (Boc)-protected amino acid to measure nitrile frequency 
tuning in an organic solvent,3 we measured the nitrile frequency and transition dipole moment (TDM) of N-Boc-2-
cyano-L-phenylalanine (BoCNF; Chem-Impex International; Figure S1) in a range of solvents to calibrate the 
observable responses to the nitrile’s environmental electric field (Figures S3–S4). BoCNF was prepared to various 
concentrations in different solvents to ensure full solubility: 5 mM in dibutyl ether (DBE), 20 mM in cyclohexanone 
(CHX), N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO), pyridine (PYR), tetrahydrofuran (THF), and 
toluene (TOL), and 10 mM in 100 mM HEPES, pH 7.0 buffer (Water; buffer was used to ensure a uniform 
protonation state of the (deprotonated) C-terminal carboxylate to ease comparisons with MD simulations and to 
increase solubility). All solvents were anhydrous and of 99.0% purity or higher (Sigma-Aldrich). Sample 
concentrations were determined by successively weighing the solute and then solute plus solvent to allow for 

PYP 
 Construct 

Expected Massa 
(Da) 

Observed Massb 
(Da) 

F96oCNF 14,045 14,050 
F96oCNF I49T 14,033 14,038 

F96oCNF M100D 14,029 14,034 
F96oCNF M100E 14,043 14,048 
F96oCNF M100H 14,051 14,056 
F96oCNF M100K 14,042 14,047 
F96oCNF M100N 14,028 14,033 
F96oCNF M100Q 14,042 14,047 
F96oCNF T103V 14,043 14,048 
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assessment of TDMs; solvent volume had a relative error of ± 0.1%. Solute mass error was estimated to be <1% 
of total mass, where mass error was estimated by reweighing all solute masses. To ensure the sample was fully 
dissolved, BoCNF was vortexed in solvent until no visible solid solute remained and was then vortexed for an 
additional five minutes. Heating and/or sonication to increase solubility were avoided due to potential heating 
effects on the amino acid. Unlike BoCNF in the other solvents, the amino acid’s solubility in hexanes (HEX) was too 
low to reliably measure the nitrile TDM. So, 5-10 mgs of sample were added to ~20 mLs of HEX solvent and 
vortexed for 10 minutes (additional vortexing was found to minimally increase the amino acid concentration). 
Samples in HEX were centrifuged and the supernatant was removed for spectroscopic use. BoCNF samples used 
to measure TDMs were independently prepared three times in each solvent; the sample in HEX, used only for 
determination of the nitrile IR absorption energy, was prepared once. 

 

 

Figure S1. Structure of N-Boc-2-cyano-L-phenylalanine (BoCNF). 
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S2 Spectroscopic Methods 

UV-Vis Absorption Measurements 

UV-Vis absorption measurements were performed on a PerkinElmer Lambda 365 UV-Vis spectrometer. 
To determine the protein concentration for IR spectra, a UV-Vis absorption measurement was performed on the 
IR cell filled with sample. The protein concentration was determined using the visible absorption of PYP 
chromophore, para-coumaric acid (pCA). The nitrile concentration – which is necessary to determine the TDM – 
is equivalent to the protein concentration in the event of 100% fidelity of nitrile incorporation, which was 
previously confirmed by mass spectrometry (see Figure S12 in ref. 1). All other spectra were acquired with a 1 mL 
quartz cuvette. Data were acquired every 1.0 nm at a maximum scan rate of 480 nm/min. 

We note that while handling several of the F96oCNF PYP mutants (called F96oCNF mutants for short) 
under ambient light, namely M100Q, M100E, M100D, M100N, and M100H, we noticed a gradual change in pCA’s 
absorption profile, where a new, higher energy peak corresponding with the protonated form of pCA grew in over 
time (see Figure 2 and discussion in ref. 4). Consequently, all UV-Vis and IR spectra in this work are taken for the 
dark-adapted species to ensure measurements were uniformly taken in PYP’s ground state. 

 

Extinction Coefficient Determination of PYPs 

A protocol for extinction coefficient determination of PYPs was established in our previous work.1 It was 
determined that pCA has an ε343nm = 21.3 mM-1cm-1 when PYP is fully denatured in 4.5M guanidinium chloride. A 
UV-Vis absorption was taken before and after denaturation, so the extinction coefficient of pCA in intact PYP can 
be determined, and concentration normalized electronic (Figure S6) and vibrational spectra (Figure S3) were 
determined for all mutants. Note that measurements were carried out in the pH 6.0 buffer used for IR 
spectroscopy unless otherwise noted. 

 

FTIR Spectroscopy 

 The procedure for acquisition and analysis of FTIR spectra was previously described in detail.1 Briefly, 
spectra were obtained on a Bruker Vertex 70 spectrometer with a liquid-nitrogen-cooled mercury cadmium 
telluride (MCT) detector. The sample cell was composed of two CaF2 windows separated by two nonoverlapping 
spacers, and exact cell pathlengths were determined by measuring the interference fringes from the empty IR cell 
(pathlengths ranging from 54-56 μm). The sample compartment was purged for 5-10 minutes with dry air prior to 
acquisition of spectra. For BoCNF samples, an aperture of 2 to 4 mm was used for acquisition and 256 or 512 scans 
were averaged to produce each spectrum at 1 cm-1 resolution. Three concentration normalized IR spectra were 
acquired for each sample preparation (i.e., 9 spectra acquired per solvent except BoCNF in hexanes (3)). For 
protein samples, the sample compartment was purged for 10 minutes prior to acquisition and 9 spectra were 
acquired (512 scans per spectrum). The conditions for o-tolunitrile (oTN) in methanol are provided in ref. 5; as a 
note, no purging was performed in that case to mitigate sample evaporation. All IR spectra were acquired at room 
temperature. 
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 IR spectra were processed by subtracting the relevant blank from the sample spectrum and then 
baselining as minimally as possible, taking care to baseline far from the wings of the spectra to ensure the integrity 
of the peak areas (relatedly, automated baselining procedures have recently been developed for fidelitous 
determination of intensities6). All spectra were independently processed. For BoCNF and oTN spectra, the solvent 
was used as the blank, while for protein samples wild type (WT) PYP was used. BoCNF peaks were fit using a 
pseudo-Voigt lineshape in OPUS 6.5. A second band was included for BoCNF spectra in DMF and toluene to 
account for a small shoulder to the blue of the primary peak – this did not affect the analysis of nitrile frequencies. 
Peak areas were determined in Excel using the baselined spectra (i.e., not the band fits). As for BoCNF, fitting of 
PYP single band –C≡N spectra for environmental phenotypes P1 and P2 was performed with pseudo-Voigt 
lineshapes in OPUS 6.5. P3-type and P4-type nitrile spectra are asymmetric, but the underlying bands are not very 
well resolved at the 1 cm-1 resolution employed for FTIR, making it difficult to reproduce the entire bandshape 
solely by minimizing the residual root mean square error (RMSE) of pseudo-Voigts against the absorption 
spectrum. Consequently, P3-type and P4-type spectra were fit with two pseudo-Voigts where the nitrile 
absorption and the second derivative of the absorption were simultaneously fit by minimizing the RMSE’s of both 
(the RMSE of the second derivative of the absorption was scaled by 100-fold to make the RMSE of the absorption 
and the second derivative on the same order);5,7 the fits to the P3-type and P4-type absorption spectra are shown 
in Figure S10. Peak areas for oTN and PYPs were determined as above. Errors for the TDMs of individual bands in 
oTN, P3-, and P4-type spectra are the convolved errors from averaging the TDM of the entire bandshape and from 
averaging the unscaled band areas from different spectral fits. 
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S3 Molecular Dynamics (MD) Simulations and Analysis 

BoCNF (Small Molecule) Solvent Electric Field Calculations 

 Molecular dynamics (MD) simulations were performed with Tinker 8.78 using the AMEOBA09 force field9 
as previously described.1,10 Solvent parameters were taken as implemented in Tinker and from our previous 
work.1,11 The protocol for the simulation of oTN in methanol can be found in ref. 5. Neutral BoCNF (the relevant 
species in organic solvents) and anionic BoCNF (deprotonated carboxylate group; the relevant species in water) 
were parametrized using Poltype12 with a multipole fitting to the electrostatic potentials from MP2/6-
311g++(2d,2p) calculations in Gaussian 16.13 (Note, the proper protonation state of BoCNF’s C-terminal carboxylic 
acid/carboxylate for MD was identified using the BoCNF IR spectra from the appearance of an ~1750 cm-1 band 
for the carboxylic acid carbonyl stretch or an ~1600 cm-1 band for the carboxylate antisymmetric stretch). Details 
on MD setup, minimization, production runs, and electric field analysis are provided in ref 1. Note that 
environmental electric fields were extracted, i.e., MD electric fields had self-fields removed.14 Environmental 
electric fields were obtained by first getting the induced dipoles from simulations with solvent present (referred 
to as the absolute fields), then a given trajectory was rerun with solvent removed to obtain the induced dipoles 
coming from BoCNF itself (which enables assessment of the self-field): the environmental fields were obtained by 
subtracting the self-field from the absolute fields. 

 

Protein MD Calculations and Electric Field Calculations 

AMOEBA MD simulations for the original variants F28oCNF, F62oCNF, F92oCNF, and F96oCNF PYP were 
started from previously deposited X-ray crystal structures with PDB IDs 7SPX, 7SPW, 7SPV, and 7SJJ, respectively.1 
Simulations for newly reported F96oCNF mutants T103V, I49T, M100Q, M100E, M100D, M100N, M100K, and 
M100H were started from X-ray crystal structures with PDB IDs 8E02, 8DZY, 8E1K, 8E09, 8E03, 8E1L, 8DZX, and 
8DZU, respectively (Table S10). 

MD simulations were performed with Tinker915 using the AMOEBABIO18 force field.16 A 7.5 nm x 7.5 nm 
x 7.5 nm cubic box was filled with water and NaCl at 0.05 M and minimized (steepest descent until all forces were 
below 1 kcal mol-1 Å-1) with van der Waals and electrostatics cutoffs of 9 and 7 Å, respectively. The dipole 
convergence criterion was set to 0.01 D with a mutual polarization scheme. NVT and NPT equilibrations were 
performed, where the van der Waals cutoff was increased to 12 Å, and the RESPA integrator, the Bussi thermostat, 
and Monte-Carlo barostat (300 K and 1 bar) were employed. MD production runs were performed with 1 fs time 
steps for a total time of 25 ns. Runs were repeated eight times to produce 200 ns aggregate MD trajectories for 
each F96oCNF mutant. Additionally, four repeats of 25 ns were performed for the PYP variants and added to the 
100 ns aggregate trajectories from our prior work17 to bring all nitrile-containing PYPs to a total of 200 ns 
simulation time. Glu 46 was simulated as a protonated carboxylic acid, as determined previously.18 Note that these 
simulations required the inclusion of two “noncanonical” amino acids: oCNF and pCA covalently linked with Cys 
69 (i.e., the chromophore for PYP).19,20 Details on the parameterization of these amino acids are described in ref. 
17, Section S1. 
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In one of the crystal structures (F28oCNF), two nitrile orientations were observed, and in four of the 
mutant crystal structures (T103V, M110Q, M100D, and M100N), two to three conformations of the newly mutated 
amino acid were observed. Table S2 details how many of the eight total simulations per PYP were begun from a 
given conformation. 

Table S2. The number of runs began from a given nitrile or mutant conformation of the 8 total MD runs per PYP. 

 

 

 

 

 

 

 

 

 
 

a In this case, different conformations means distinct nitrile conformers. Conformation A is defined as the F28oCNF 
nitrile that is closer to H2O-A in the crystal structure.1 

MD-based electric fields (�𝐹⃗𝐹�C≡N,MD) were determined as the mean electric field between the C and N atoms 
of the nitrile group along the –C≡N bond axis. In TINKER, the induced dipoles on the C and N atoms were saved 
every 10 ps and were divided by their polarizability parameters to provide the atomic electric fields. These values 
were dotted into the unit –C≡N bond vector to produce scalar electric fields and averaged to produce the reported 
�𝐹⃗𝐹�C≡N,MD values. Note that absolute electric fields, or the fields directly outputted by the simulations, were used 
to avoid complications with assessing the self-field of the oCNF adduct in PYP17 (see further details above in the 
description for obtaining MD fields of the BoCNF small molecule). 

 

Choice of Protonation States in MD Simulations for PYPs with Newly Introduced Titratable Residues  

IR spectroscopy performed at pH 6.0 and 8.5 for M100E, M100D, and M100H indicated minimal spectral 
changes, so we determined the E100 and D100 are carboxylates in solution, and H100 is net neutral (Figure S9 
and discussion). As such, E100 and D100 were simulated in their deprotonated form, and the results of these 
simulations are used in the main text. H100 remained ambiguous, however, as the proton can be at Nδ2 or Nε1. 
Crystallography for M100H (Figure S19) suggested H100’s Nδ2 is protonated in solution, so the “HID” form of 
histidine was simulated and used in the main text. As a further test, 100 ns of MD simulations were also performed 
with the neutral, carboxylic acid forms of E100 and D100 and the “HIP” (Nδ2 and Nε1 protonated) form of H100 to 
test the impact on the nitrile environment. The nitrile electric field distributions or H-bonding fractions for these 

PYP 
Construct Conformation A Conformation B Conformation C 

F28oCNFa 4 4 – 
F62oCNF 8 – – 
F92oCNF 8 – – 
F96oCNF 8 – – 

F96oCNF I49T 8 – – 
F96oCNF M100D 4 4 – 
F96oCNF M100E 8 – – 
F96oCNF M100H 8 – – 
F96oCNF M100K 8 – – 
F96oCNF M100N 4 2 2 
F96oCNF M100Q 4 4 – 
F96oCNF T103V 4 4 – 
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simulations show clear deviations from M100N’s distribution in main text Figure 4 (Figure S24 & Table S17), giving 
us confidence that the proper protonation states were used for benchmarking. This analysis highlights how 
comparisons of MD outputs against experimental observables helps to assign protonation states in solution.21–24 

 

H-Bond Definitions and MD H-Bonding Characterizations 

Throughout this work, H-bond distances and angles are defined by the heavy atoms, as indicated in Figure 
S2: 

 

Figure S2. Geometric definitions for oCNF’s nitrile’s H-bonds. X refers to a heavy-atom H-bond donor. The dashed 
line indicates a potential H-bonding interaction. θCNX is the CNX angle, θNXH is the NXH angle, and dNX is the distance 
from the nitrile nitrogen (N) to the heavy-atom H-bond donor (X). 

In our prior work,17 radial distribution functions of F28oCNF, F92oCNF, and F96oCNF suggested 4 Å was 
an appropriate H-bond distance (dNX) cutoff, while previous studies of small molecule crystal structures suggested 
30° as an appropriate cutoff for θNXH (referred to as an H-bond cone in the main text).25 Further, we found 
empirically that it was best not to set a constraint on the H-bond angle (θCNX) so long as the other two constraints 
were satisfied. These same H-bond conditions were adopted here. 

Using this H-bond definition, several types of MD characterization were performed. Histograms of nitrile 
H-bond distances (binned every 0.05 Å) and angles (binned every 30°) were generated in OriginPro 2021b and are 
shown in Figures S29–S42, along with contour plots of the distances vs the angles with contours describing the 
relative frequency of occurrence; parameters associated with 2D Gaussian fits of the contour plots are provided 
in Tables S23–S25.  In addition, analysis of nitrile H-bond donor identities is provided in Table S20. Finally, nitrile 
H-bond residence times were extracted in an effort to obtain H-bonding and non-H-bonding exchange lifetimes, 
using the same method detailed in ref. 17, Section S1; the resulting analysis is provided in Figures S46–S48 and 
Table S34. 

 

Calculation of Nitrile H-Bond Shifts from MD Simulations 

In our previous work, we found an explicit form to calculate the nitrile H-bond blueshift when the H-bond 
distance (𝑑𝑑) and angle (𝜃𝜃) are known:5  

∆𝜈̅𝜈𝐻𝐻𝐻𝐻(𝑑𝑑,𝜃𝜃) = ∆𝜈̅𝜈𝐻𝐻𝐻𝐻,0 ∙ ��
𝑑𝑑
𝑑𝑑0
�
−4
∙ cos[𝑚𝑚 ∙ (𝜃𝜃 − 180°)] + �𝑒𝑒−𝑏𝑏(𝑑𝑑−𝑑𝑑0) − � 𝑑𝑑

𝑑𝑑0
�
−8
� ∙ [1 − cos[𝑚𝑚 ∙ (𝜃𝜃 − 180°)]]�   (S1)      
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where ∆𝜈̅𝜈𝐻𝐻𝐻𝐻,0 = 16.6 cm-1 is the H-bond blueshift at a reference distance (𝑑𝑑0 = 3.36 Å), 𝑚𝑚 = 0.91 is the cosine 
period modulation, and 𝑏𝑏 = 2.85 Å-1 is the exponential decay constant. Further, comparisons of experimentally 
and computationally derived H-bond shifts indicated protein H-bonds follow eq S1 exactly, while solvent H-bond 
are approximately one half the value from eq S1 due to motional narrowing.5 As such, in this work, protein H-
bonds take on the full predicted value, while solvent H-bonds are half the predicted value, unless otherwise 
indicated.  
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S4 BoCNF IR Spectra, MD Electric Fields, and Stark Tuning Rates 

BoCNF Nitrile Spectra 

We previously performed field-frequency and field-TDM calibrations for oTN to extract electric fields and 
H-bond blueshifts for oCNF incorporated into PYP.1 To ensure these calibrations are appropriate, we obtained 
calibrations for a Boc-protected version of oCNF, N-Boc-2-cyano-L-phenylalanine (BoCNF; Figure S1). FTIR spectra 
of BoCNF were measured in a variety of aprotic solvents and water (Figure S3).  AMOEBA MD simulations with 
AMOEBA099 were performed in the same solvents to obtain the average solvent electric field, �𝐹⃗𝐹�, projected onto 

the –C≡N probe. Correlation of the aprotic peak frequencies (Table S3) versus the average �𝐹⃗𝐹� values (Table S4) 
exhibits a strong linear trend (Figure S4A), and the slope of the best fit line is the frequency Stark tuning rate (0.18 
𝑐𝑐𝑐𝑐−1

𝑀𝑀𝑀𝑀
𝑐𝑐𝑐𝑐

). In contrast, the nitrile frequency in water, 2230.9 cm-1, is bluer than that in hexanes, 2228.7 cm-1, despite 

a significantly larger average MD solvent electric field (the field is 50 MV/cm larger in magnitude in water; Table 
S4), highlighting the H-bond blueshift (Figure S4A). A linear correlation is observed between |𝑚𝑚��⃗ | (Table S3) and 
the average �𝐹⃗𝐹� values (Figure S4B), as previously observed.1 We found oTN and BoCNF have very similar 
frequency and TDM calibration curves (see Figure S5 and discussion); this suggests that model compounds may 
reasonably be used to calibrate VSE probes in place of ligands or amino acids which present solubility and/or 
simulation challenges.10 

 

Figure S3. Room-temperature IR solvatochromism of BoCNF nitrile normalized to extinction coefficients. (A) 
Significant peak area tuning is observed in protic and aprotic solvents as previously observed for oCNF model 
compound oTN.1 Inset shows normalized absorption in HEX, where extinction coefficients could not be 
determined (see Section S1). (B) Overlay of IR spectra of (A) where bands have been centered at their absorption 
maxima (𝝂𝝂�𝐌𝐌𝐌𝐌𝐌𝐌) and shaded to highlight peak area changes. 
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Figure S4. Responses of BoCNF frequency and TDM to average MD solvent electric field. (A) Peak frequency versus 
average solvent electric field obtained in aprotic solvents and water using AMOEBA MD simulations. The linear fit 
includes only the aprotic points, as the nitrile frequency deviates from the VSE in water. (B) TDM, |𝒎𝒎���⃗ |, versus 
average solvent electric field. The slopes of the lines in (A) and (B) are the frequency and TDM Stark tuning rates, 
respectively, while the intercepts are the zero-field (gas phase) frequency and TDM. Error bars represent 1σ 
standard deviations. Raw spectra used to extract frequencies and TDMs are shown in Figure S3. 
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BoCNF IR Observables and Electric Fields Calculated from MD 

Table S3. Extracted IR peak parameters for BoCNF as a function of solvent. 

 

 

 

 

 

 

 

a Provided for spectra shown in Figure S3. 

 

Table S4. Average calculated solvent electric fields for BoCNF using AMOEBA MD simulations. BoCNF was 
simulated with a C-terminal carboxylate in water and with a C-terminal carboxylic acid in the organic solvents. 

 

 

 

 

 

 

 

 

 

  

Environment Peak  
(cm-1) 

FWHM  
(cm-1) 

|𝒎𝒎���⃗ |  
(D) 

εmax  
(M-1cm-1)a 

Water 2230.88 ± 0.02 10.72 ± 0.04 0.0971 ± 0.0013 188.7 
DMSO 2223.61 ± 0.04 8.02 ± 0.05 0.0747 ± 0.0008 149.7 
DMF 2224.35 ± 0.01 7.83 ± 0.04 0.0715 ± 0.0011 127.8 
PYR 2224.94 ± 0.01 7.53 ± 0.03 0.0691 ± 0.0014 136.1 
CHX 2224.90 ± 0.01 7.97 ± 0.01 0.0654 ± 0.0005 114.7 
THF 2225.67 ± 0.01 6.79 ± 0.02 0.0647 ± 0.0012 124.3 
TOL 2226.33 ± 0.01 7.46 ± 0.01 0.0612 ± 0.0012 98.6 
DBE 2227.32 ± 0.02 7.13 ± 0.04 0.0559 ± 0.0012 92.5 
HEX 2228.73 ± 0.08 6.6 ± 0.3 ND  ND 

Environment Environmental |𝑭𝑭��⃗ |  
(MV/cm) 

Water -61.2 
DMSO -39.1 
DMF -35.6 
PYR -34.1 
CHX -29.6 
THF -28.1 
TOL -24.6 
DBE -18.6 
HEX -11.2 
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Comparison Between oTN and BoCNF Electrooptic Parameters from Experiment and DFT 

To the best of our knowledge, our BoCNF calibrations (Figure S4) are the first report for the vibrational 
Stark tuning rate(s) of a nitrile on an amino acid calibrated via solvatochromism; prior calibrations have been 
performed with vibrational Stark spectroscopy for amino acids in solution26 and incorporated into peptides and 
proteins.26–28 Previously determined calibrations for oTN1 are 𝜈̅𝜈aprotic = 0.19�𝐹⃗𝐹� + 2231.4 and |𝑚𝑚��⃗ | = -0.00092�𝐹⃗𝐹� + 

0.0388, while for BoCNF we found 𝜈̅𝜈aprotic = 0.18�𝐹⃗𝐹� + 2230.7 and |𝑚𝑚��⃗ | = -0.00097�𝐹⃗𝐹� + 0.0371 (Figure S5; black 
solid lines for BoCNF and red dotted lines for oTN; frequencies in cm-1 and TDMs in D). The absolute differences 
in the calibrations are small, and the calibrations would therefore give rise to similar inferred electric fields and H-
bond shifts when employed. At the same time, we were curious if the changes may be significantly different. The 
error in the y-intercept of the BoCNF frequency-field calibration is ± 0.1 cm-1 (Figure S5), and assuming the same 
error for oTN, the 0.7 cm-1 difference in the zero-field frequencies from solvatochrimc calibrations is significant 
out to 4σ. In contrast, the error in the zero-field TDM for BoCNF is ± 0.007 D (Figure S5), so the difference in the 
values between oTN and BoCNF is only significant at the 1σ level using the same error for oTN. Analogously, the 

BoCNF TDM and frequency Stark tuning rates have errors of 0.0002 𝐷𝐷𝑀𝑀𝑀𝑀
𝑐𝑐𝑐𝑐

 and 0.005 𝑐𝑐𝑐𝑐
−1

𝑀𝑀𝑀𝑀
𝑐𝑐𝑐𝑐

, respectively. Once again 

assuming oTN has the same errors, the Stark tuning rates are significantly different at the 1σ level and not 
significantly different, respectively. Overall, the comparison between the two compounds’ parameters with errors 
considered further highlights their high level of similarity. 

We were curious if DFT calculations could capture the difference in the zero-field frequencies and the 
similarity in the zero-field TDMs, so we performed gas phase geometry optimization and vibrational frequency 
analysis at the b3lyp/6-311++g(d,p) level with Gaussian16.13 The calculations yielded (unscaled) values for 𝜈̅𝜈0 and 
|𝑚𝑚��⃗ 0| of 2326.3 cm-1/0.0789 D and 2324.5 cm-1/0.0786 D for the oTN and BoCNF nitriles, respectively. The gas 
phase frequency and TDM for BoCNF (and oTN) are larger than the experimental values, but to very different 
degrees: for BoCNF, the frequency is overestimated by 4.2%, while the TDM is overestimated by 102% (consistent 
with previous TDM calculations5), and the DFT TDM value falls between the experimental TDMs in DMSO and 
water (Table S3). It may be that more absolutely accurate TDM calculations require an alternative approach to 
DFT, such as explicitly representing the vibrational wavefunctions.29 

Using the scaling factor for harmonic frequencies at this level of theory (0.9679),30 the predicted 
difference in zero-field frequencies from DFT for oTN minus BoCNF is 1.8 cm-1; this represents impressive accuracy, 
as the difference in the extrapolated values from experimental solvatochromism is 0.7 cm-1. For the DFT zero-field 
TDMs, the (unscaled) difference in the predicted values for oTN minus BoCNF is 0.0003 D, close to the magnitude 
of the experimental error. Together, these results suggest DFT can accurately predict the relative difference in 
zero-field frequencies and can discern when the TDMs are only marginally different for highly similar aromatic 
nitrile-bearing compounds.  
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Figure S5. BoCNF (A) frequency- and (B) TDM-field calibrations with 1σ errors shown in the equations of best fit. 
The light blue region indicates the 2σ confidence interval. oTN calibrations are shown as red dotted lines.  



S18 
 

S5 Protein UV-Vis Spectra and Characterization 

 

Figure S6. Concentration normalized UV-Vis spectra of dark-adapted F96oCNF and mutants at pH 6.0. Extinction 
coefficients were determined by taking UV-Vis spectra of folded proteins, denaturing the proteins in guanidinium 
chloride, and using the previously determined chromophore extinction coefficient in guanidinium chloride to 
determine concentrations of folded proteins (see Section S2; method analogous to base denaturation used for 
GFP extinction coefficient determination31,32). Mutations do not affect the absorption of the chromophore when 
the protein is unfolded, so changes to the visible absorption spectrum of a folded protein do not affect the ability 
to determine protein, and therefore nitrile, concentration. 

All PYP mutants near position 96 (main text Figure 1) display bluer absorption maxima and decreased 
extinction coefficient at absorption maxima compared to F96oCNF (Table S5). Part of the explanation for the 
decreased εmax values in the mutants is the appearance of the protonated pCA chromophore to the blue of the 
typically deprotonated pCA absorption in the wild type protein. This has been previously observed in (non-nitrile-
containing) PYP M100 mutants, M100A,33 M100L,34,35 M100K,35 and M100E,4,35,36 the latter two of which were 
made in this study (with oCNF96 background). oCNF96 and all mutations near position 96 are near the pCA 
chromophore (main text Figure 1); given the changes to the nitrile IR absorption in the mutants, corresponding 
changes in pCA’s visible absorption are unsurprising. Additionally, exposure of the F96oCNF M100 mutants to 
room light induced a bleach of the deprotonated chromophore band and a gain in intensity of the protonated 
chromophore band (see examples in ref. 4), and this observation led us to dark-adapt all proteins prior to the 
measurement of IR spectra (Section S1). This bleaching phenomenon has been observed in the M100 mutants 
listed above and attributed to accumulation of the final photocycle intermediate pB (also occasionally referred to 
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as I2 or PYPM) at steady-state, explained by a substantial (one to three orders of magnitude) decrease in rate for 
pB to pG (i.e., dark-adapted ground state) conversion from the wild type PYP kinetics.33,35 This behavior is in 
contrast to wild type PYP, which requires a significant laser flash intensity to induce substantial bleaching.33 

 

Table S5. Absorption maxima and extinction coefficients for pCA in F96oCNF and mutants. Measurements were 
performed at pH 6.0 unless specified otherwise. 

 

 

 

 

 

 

 

 

 

 

a Taken from ref. 1.  

  

PYP 
Construct 

λmax 
(nm) 

εmax 
(mM-1cm-1) 

F96oCNFa 449 47.7 
T103V 448 44.4 
I49T 441 37.7 

M100Q 444 42.0 
M100E 445 37.9 

M100E, pH 8.5 446 40.2 
M100D 444 40.3 

M100D, pH 8.5 445 44.1 
M100N 444 36.9 
M100K 446 38.4 
M100H 444 39.4 

M100H, pH 8.5 445 43.5 
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S6 Protein IR Spectra and Extracted Parameters 

 

Figure S7. Overlay of IR spectra for the nitriles in F96oCNF and all mutants. 

 

 

Figure S8. IR spectra for F96oCNF mutants categorized by phenotype, with F96oCNF shown in each panel for 
comparison. In all phenotypes, the nitrile integrated peak area with respect to F96oCNF has remained constant 
(P1-type) or increased (P2-, P3-, and P4-type), indicating that all mutants experience a nitrile electric field greater 
than or equal to that in F96oCNF. 
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Table S6. Extracted IR peak parameters for the oCNF nitrile incorporated in PYPs. Phenotype categorizations are 
indicated by coloring: P1, blue; P2, green; P3, gold; P4, red/pink. 

a Peak positions (𝜈̅𝜈obs) and FWHMs have an error of <0.1 cm-1. 
b Reproduced/updated from ref. 1. 
c Reproduced from main text Table 1. 
 
  

Environment 𝝂𝝂�𝐨𝐨𝐨𝐨𝐨𝐨 
(cm-1)a 

FWHM 
(cm-1)a 

Total |𝒎𝒎���⃗ | 
(D) 

|𝑭𝑭��⃗ |C≡N,TDM 

(MV/cm) 
Δ𝝂𝝂�non-HB 

(cm-1) 
Δ𝝂𝝂�HB 

(cm-1) 
F28oCNFb 2230.8 12.7 0.075 ± 0.002 -39 ± 2 -8 7 
F62oCNFb 2228.1 6.5 0.053 ± 0.002 -15 ± 2 -3 0 
F92oCNFb 2241.3 14.4 0.094 ± 0.002 -60 ± 2 -11 21 
F96oCNFb,c 2231.2 8.4 0.047 ± 0.002 -9 ± 2 -2 2 

T103V 2231.2 8.5 0.047 ± 0.002 -9 ± 2 -2 2 
I49Tc 2230.2 8.3 0.052 ± 0.002 -14 ± 2 -3 2 

M100Qc — — 0.060 ± 0.002 -23 ± 2 — — 
M100E — — 0.062 ± 0.002 -25 ± 2 — — 
M100Dc — — 0.063 ± 0.002 -26 ± 2 — — 
M100N — — 0.063 ± 0.002 -26 ± 2 — — 
M100K — — 0.064 ± 0.002 -27 ± 2 — — 
M100H — — 0.065 ± 0.002 -28 ± 2 — — 
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IR Spectra at pH 6.0 and 8.5 

 

Figure S9. Comparison of nitrile IR spectra for PYP mutants M100E, M100D, and M100H at pH’s 6.0 and 8.5. Electric 
field analysis for pH 8.5 spectra can be found in Table S7. 

FTIR was performed at two pH values to assess whether possible changes in protonation of the titratable 
residues in M100E, M100D, and M100H would affect the nitrile’s absorption spectra. No pH dependent change is 
observed in the spectral shape of any mutants (Figure S9). The small changes observed for the TDMs and electric 
fields at pH 8.5 (Table S7) as compared with pH 6.0 are likely a consequence of small errors in the concentration 
or small baselining differences. The spectra indicate that E100 and D100 are deprotonated and H100 is neutral in 
solution. We attempted to further corroborate these assignments by obtaining extinction coefficient normalized 
IR spectra below pH 6.0, but these attempts were unsuccessful due to protein precipitation. This experiment 
highlights vibrational spectroscopy’s ability to provide information on local protonation states in comparison with 
X-ray crystallography, where very high resolutions are needed to model protons, and MD simulations, where 
proton placement must be assigned.  
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Table S7. Extracted IR peak parameters for the oCNF96 nitrile incorporated in F96oCNF mutants at pH 8.5. 

 

 

 

  

Environment Total |𝒎𝒎���⃗ | 
(D) 

Avg. |𝑭𝑭��⃗ |C≡N,TDM 

(MV/cm) 
M100E 0.062 ± 0.002 -25 ± 2 

M100D 0.066 ± 0.002 -30 ± 2  

M100H 0.065 ± 0.002 -28 ± 2 
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IR Band Fitting for P3- and P4-Type Nitrile Spectra 

 

Figure S10. Two band fits for P3- and P4-type nitriles. 
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Table S8. Extracted aprotic and protic population IR peak parameters for the oCNF96 nitrile incorporated in P3 
and P4 PYPs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a Fits had 0-45% Lorentzian contribution. 
b Fits had 30-55% Lorentzian contribution. 
c Fits had 0-40% Lorentzian contribution. 
d Fits had 10-50% Lorentzian contribution. 
 
  

Environment 𝝂𝝂�𝐨𝐨𝐨𝐨𝐨𝐨 
(cm-1) 

FWHM 
(cm-1) 

M100Qaprotic
a 2227.6 ± 0.2 7.4 ± 0.2 

M100Qprotic
b 2233.4 ± 0.3 8.0 ± 0.2 

M100Eaprotic
c
 2226.16 ± 0.03 6.65 ± 0.02 

M100Eprotic
d 2231.3 ± 0.1 13.4 ± 0.1 

M100Daprotic
c
 2225.94 ± 0.04 6.6 ± 0.1 

M100Dprotic
d 2230.7 ± 0.1 12.7 ± 0.2 

M100Naprotic
c
 2226.08 ± 0.02 6.5 ± 0.1 

M100Nprotic
d 2230.6 ± 0.2 12.1 ± 0.1 

M100Kaprotic
c
 2226.49 ± 0.03 7.1 ± 0.1 

M100Kprotic
d 2230.5 ± 0.1 12.8 ± 0.1 

M100Haprotic
c 2226.11 ± 0.01 6.63 ± 0.03 

M100Hprotic
d 2231.14 ± 0.02 13.5 ± 0.1 
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S7 X-ray Crystallography 

Protein Crystallization 

 PYP crystallization was performed as before.1 PYPs were buffer exchanged into an aqueous buffer at pH 
6.0, 20 mM KH2PO4,37 concentrated to 20 mg/mL, and set as hanging drops on a coverslip (1 μL of protein mixed 
with 1 μL of mother liquor; wells contained 500 μL mother liquor). Well solutions contained 1 M NaCl and a 
variable amount of (NH4)2SO4 (1.8–2.6 M in 0.1 M increments). Hanging drops were typically seeded with crushed 
crystals from WT PYP or F96oCNF PYP which resulted in crystal formation within two days. Crystal trays were kept 
at room temperature and covered in aluminum foil to minimize exposure to light. 

Crystals of the F96oCNF M100X mutants were particularly sensitive to light, displaying cracks if excessively 
exposed. This may be related to the altered photocycle kinetics of the M100 mutants in ambient light described 
under Figure S6. As a precaution, all F96oCNF mutants were set and seeded at low light exposure (i.e., no overhead 
lighting). The M100H mutant was particularly sensitive, so handling was done under red light. 

Crystals of sufficient quality were looped, dipped in polyfluoroether cryo-oil (Hampton Research), and 
flash frozen into a Stanford Synchrotron Radiation Lightsource (SSRL) cassette immersed in liquid nitrogen. 
Looping at low light exposure was found sufficient to maintain good crystal diffraction. The (NH4)2SO4 
concentration leading to crystal diffraction at the highest resolution for each mutant is shown in Table S9. 

Table S9. Optimal ammonium sulfate concentration for crystallization of each F96oCNF PYP mutant. 

 
 

 

 

 

 

 

 

X-Ray Data Collection and Structure Refinement 

 X-ray diffraction was performed at SSRL (Menlo Park, CA) Beam Line 12-1 at 100K. Data collection was 
performed using Blu-Ice.38 Data processing was performed using the X-ray Detector Software (XDS)39,40 with the 
autoxds script.41 Molecular replacement was performed in Phenix42 with phenix.phaser using WT PYP (PDB: 1NWZ) 
as the search model for all mutants. Coot43 was used to perform numerous rounds of model building and 
refinement followed by automated refinement via phenix.refine. PDB-REDO44 was occasionally used to further 
refine structures. Refinement continued until the R-free score could no longer be lowered. Resulting PDB codes 
and data collection/refinement statistics can be found in Table S10.   

 F96oCNF PYP 
Mutant 

(NH4)2SO4 
Concentration (M) 

T103V 2.0 
I49T 2.0 

M100Q 2.1 
M100E 2.2 
M100D 2.4 
M100N 2.6 
M100K 2.5 
M100H 2.5 
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 Table S10. X-ray data collection and refinement statistics for F96oCNF mutants. 

 T103V I49T M100Q M100E 

PDB Entry 8E02 8DZY 8E1K 8E09 

Data collection statistics 

Beamline BL 12-1 

Wavelength 
(Å) 0.7126 

Detector distance 
(mm) 150 

Resolution 
range (Å) 

33.20 – 1.09 
(1.12 – 1.09) 

40.90 – 1.01 
(1.04 – 1.01) 

40.57 – 1.02 
(1.04 – 1.02) 

40.61 – 1.01 
(1.04 – 1.01) 

Space group P 63 (No. 173) 

Unit cell 
dimensions 
a, b, c (Å) 
α, β, γ (°) 

66.30, 66.30, 40.69 
90.0, 90.0, 120.0 

65.91, 65.91, 40.96 
90.0, 90.0, 120.0 

66.36, 66.36, 40.57 
90.0, 90.0, 120.0 

66.21, 66.21, 40.61 
90.0, 90.0, 120.0 

Total 
observations 

1720362 
(114308) 

2119169 
(119891) 

2068596 
(114016) 

2179198 
(130346) 

Unique  
reflections 

41659 
(3025) 

51960 
(3724) 

50640 
(3668) 

53209 
(3930) 

Redundancy 41.3 
(37.8) 

40.8 
(32.2) 

40.8 
(31.1) 

41.0 
(33.2) 

Completeness 
(%) 

99.9 
(98.4) 

99.8 
(97.9) 

99.9 
(98.7) 

100 
(99.5) 

Mean 
I/σI 

23.8 
(3.5) 

16.4 
(1.6) 

19.4 
(1.5) 

16.3 
(1.5) 

Wilson 
B-factor (Å2) 9.94 8.78 10.7 8.89 

Rmeas 
0.123 
(1.26) 

0.133 
(1.58) 

0.102 
(2.04) 

0.132 
(2.20) 

CC1/2 
1 

(0.904) 
0.999 

(0.754) 
1 

(0.667) 
0.999 

(0.700) 
 

  



S28 
 

 T103V I49T M100Q M100E 

Refinement statistics 

Reflections used 
in refinement 41659 51951 50637 53177 

Reflections  
used for Rfree 

2083 2584 2527 2671 

Rwork 0.1401 0.1478 0.1477 0.1460 

Rfree 0.1701 0.1604 0.1596 0.1614 

Number of 
non-H Atoms: 

Protein 
Ligands 
Solvent 

 
1235 
1089 

24 
122 

 
1308 
1160 

24 
124 

 
1291 
1167 

24 
100 

 
1277 
1151 

24 
102 

Protein  
residues 124 124 123 123 

RMSD bond 
lengths (Å) 0.013 0.009 0.007 0.013 

RMSD bond 
angles (°) 1.57 1.46 1.26 1.58 

Ramachandran 
favored (%) 96.67 97.50 96.64 95.80 

Ramachandran 
allowed (%) 3.33 2.50 3.36 4.20 

Ramachandran 
outliers (%) 0.00 0.00 0.00 0.00 

Rotamer 
outliers (%) 2.59 0.80 0.00 0.82 

Clashscore 5.96 2.59 3.88 2.19 

Average 
B-factor (Å2): 

Protein 
Ligand 
Solvent 

 
13.89 
13.27 
7.18 

20.71 

 
13.88 
13.33 
7.77 

20.22 

 
15.52 
15.10 
8.88 

21.95 

 
14.03 
13.60 
8.94 

20.07 
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 M100D M100N M100K M100H 

PDB Entry 8E03 8E1L 8DZX 8DZU 

Data collection statistics 

Beamline BL 12-1 

Wavelength 
(Å) 0.7126 

Detector distance 
(mm) 150 

Resolution 
range (Å) 

33.26 – 1.24 
(1.28 – 1.24) 

33.22 – 1.20 
(1.24 – 1.20) 

41.40 – 1.14 
(1.17 – 1.14) 

41.10 – 1.04 
(1.06 – 1.04) 

Space group P 63 (No. 173) 

Unit cell 
dimensions 
a, b, c (Å) 
α, β, γ (°) 

65.71, 65.71, 40.99 
90.0, 90.0, 120.0 

66.27, 66.27, 40.74 
90.0, 90.0, 120.0 

65.76, 65.76, 41.19 
90.0, 90.0, 120.0 

66.25, 66.25, 40.80 
90.0, 90.0, 120.0 

Total 
observations 

1158678 
(72683) 

1294756 
(84237) 

1498489 
(96486) 

1966115 
(113071) 

Unique  
reflections 

28191 
(2020) 

31300 
(2284) 

36301 
(2625) 

47986 
(3460) 

Redundancy 41.1 
(36.0) 

41.4 
(36.9) 

41.3 
(36.8) 

41.0 
(32.7) 

Completeness 
(%) 

99.9 
(98.8) 

100 
(99.8) 

99.7 
(97.6) 

99.9 
(98.9) 

Mean 
I/σI 

21.3 
(1.5) 

14.2 
(1.5) 

20.7 
(1.5) 

17.1 
(1.6) 

Wilson 
B-factor (Å2) 13.7 11.7 11.8 9.52 

Rmeas 
0.104 
(2.08) 

0.175 
(1.61) 

0.113 
(1.59) 

0.125 
(2.04) 

CC1/2 
1 

(0.675) 
0.999 

(0.769) 
1 

(0.778) 
1 

(0.713) 
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 M100D M100N M100K M100H 

Refinement statistics 

Reflections used 
in refinement 28189 31297 36289 47981 

Reflections  
used for Rfree 

1392 1547 1802 2405 

Rwork 0.1500 0.1601 0.1637 0.1453 

Rfree 0.1797 0.1877 0.1878 0.1620 

Number of 
non-H Atoms: 

Protein 
Ligands 
Solvent 

 
1266 
1164 

24 
78 

 
1271 
1145 

24 
102 

 
1235 
1124 

37 
87 

 
1234 
1103 

24 
107 

Protein  
residues 123 124 123 123 

RMSD bond 
lengths (Å) 0.012 0.011 0.011 0.011 

RMSD bond 
angles (°) 1.50 1.50 1.50 1.51 

Ramachandran 
favored (%) 95.80 97.50 95.80 96.64 

Ramachandran 
allowed (%) 4.20 2.50 4.20 3.36 

Ramachandran 
outliers (%) 0.00 0.00 0.00 0.00 

Rotamer 
outliers (%) 1.60 1.63 2.48 1.69 

Clashscore 2.17 6.58 1.34 3.64 

Average 
B-factor (Å2): 

Protein 
Ligand 
Solvent 

 
18.25 
17.74 
12.29 
27.59 

 
15.99 
15.38 
11.32 
23.95 

 
19.04 
18.78 
11.06 
24.61 

 
13.50 
12.92 
8.12 

20.64 
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PYP Structures Focusing on Tertiary and Secondary Structure Perspectives 

 

Figure S11. Overlay of crystal structures of F96oCNF and mutants. (A) Global structural alignment indicates the 
tertiary structure is highly conserved. The locations of residues 49, 100, and 103 are denoted. The chromophore 
pCA is shown in the stick representation. (B) Transparent view of the PYPs highlighting the most variable regions, 
the β4-β5 loop (residues 97-101 in F96oCNF; for nomenclature see Figure 2 in ref. 45) and the β5-β6 loop (residues 
112-117). The β4-β5 loop contains the M100X residue, and mutations at that site result in the largest structural 
deviations from F96oCNF (Table S11). Closer views of the β4-β5 loops can be found in Figure S12. 

 

Table S11.  Root-mean-square deviations (RMSD) for global alignment between F96oCNF and mutants. 

 
 

 

 

 

 

 

 

F96oCNF PYP 
Mutant 

RMSD 
 (Å) 

T103V 0.10 
I49T 0.07 

M100Q 0.17 
M100E 0.19 
M100D 0.20 
M100N 0.15 
M100K 0.23 
M100H 0.21 
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Figure S12. View of the β4-β5 loop and pCA chromophore for (A) F96oCNF and F96oCNF globally aligned with (B) 
T103V, (C) I49T, (D) M100Q, (E) M100E, (F) M100D, (G) M100N, (H) M100K, and (I) M100H. T/V103 and I/T49 are 
also displayed in (B) and (C), respectively. In (B) and (C), oCNF96 of F96oCNF and the mutants overlap, while in 
(D)–(I) the mutant’s nitrile is tilted in toward the mutated residue. In M100D (F) and M100K (H), alternative β4-β5 
loop conformations are observed. M100D and M100K have an RMSD of 0.11 Å, lower than the RMSD of either 
protein with F96oCNF (Table S11), and inspection of panels F and H indicates their β4-β5 loop conformations are 
similar. Changes to the loop from low temperature crystal structures have been observed when comparing wild 
type (WT) PYP, which possess the same β4-β5 loop conformation as F96oCNF, with the Y98Q mutant46 or with PYP 
from Rc. centenum;45,47 neither of those conformations are the same as that adopted by M100D and M100K. 
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Main Text Figure 3 for all F96oCNF Mutants 

 

Figure S13. Low temperature (100K) crystal structures for F96oCNF and mutants. Panels display closeups of 
oCNF96 and local environments highlighting the potential H-bond donor(s) in (A) F96oCNF,1 (B) T103V, (C) I49T, 
(D) M100Q, (E) M100E, (F) M100D, (G) M100N, (H) M100K, and (I) M100H. 2mFo-DFc electron density maps 
contoured at 1σ are displayed for the nitriles, mutated residues, and relevant water(s). M100Q, M100D, and 
M100N show multiple conformers for the mutated residue; occupancies can be found in Table S12. Labels for 
mutated amino acids are shown underlined, and structure resolutions are shown in the upper right corner. 
Contacts for closest potential nitrile–donor H-bond(s) are shown with cyan dashed lines; explicit N–donor 
distances and angles are provided in Table S13. For all nitriles except M100K, a water (Water 1) is found within 
approximately 5 Å of the –C≡N. In M100K, no water is observed near the nitrile as K100 occupies Water 1’s 
position, and the K100–nitrile interaction is shown in yellow to demarcate this difference. Structures are colored 
according to the similarity of their IR spectra. 

In the crystal structures for the P4-type nitriles, Water 1 is observed within 4 Å of each nitrile except 
M100K’s, where it is not observed at all (Figure S13E-I). Instead, Nζ of K100 occupies the space where Water 1 
resides in the other M100X mutants (Figure S15), where it is pointed away from the nitrile and out towards the 
solvent (Figure S16). To demarcate this contrast from the other P4 nitriles – as well as the other nitrile 
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environments considered here – the nitrile–K100 interaction is shown in yellow in Figure S13I. In M100E, E100 
adopts a single conformation that is highly similar to M100Q’s Q100-A conformation (Figure S18A). In M100H, 
M100D, and M100N, the mutated residue’s only/major conformer (conformer A) faces away from the nitrile and 
points towards the surrounding water molecules. An additional water, Water α, is observed within 4 Å of these 
nitriles, implying the mutations in P4 create a more solvent-accessible pocket in solution. In solution at pH 6.0, 
E100 and D100 are deprotonated, and measurements of the difference in sidechain carbon-oxygen bond lengths 
for those residues indicate they are carboxylates in the crystal structures as well (see Figure S21 and discussion).48 
In M100H, H100 appears to engage in two H-bonds, suggesting H100 is doubly protonated in the crystal (Figure 
S19). This would seem to contradict the assignment that H100 is neutral from IR spectroscopy (Figure S9), but one 
of the H-bonds in Figure S19 is with a symmetry mate that would not be present in solution. 
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Crystallographic Occupancies and Nearest Potential H-Bonds 

Table S12. Crystallographic occupancies for conformers at mutated residue in F96oCNF mutants. 

 
 
 
 
 
 

 
 
Table S13. Observed distance and heavy-atom angle between nitrile and potential H-bond donors. 

 

 

 

 

 

 

  

F96oCNF 
Mutant 

A 
(%) 

B 
(%) 

C  
(%) 

T103V 73 27 – 

M100Q 54 46 – 

M100D 84 16 – 

M100N 38 32 30 

PYP 
Construct 

Distance  
(Å) 

Angle  
(°) Identity 

F96oCNF 4.70 152 Water 1 

T103V 5.29 151 Water 1 

I49T 4.92 147 Water 1 

M100Q 

3.36 
3.39 
3.99 
5.69 

124 
110 
156 
143 

Q100-B 
Q100-A 

Water 1-A 
Water 1-B 

M100E 3.51 145 Water 1 

M100D 
3.18 
3.89 

151 
106 

Water 1 
Water α 

M100N 
3.57 
3.73 
4.55 

155 
109 
105 

Water 1 
Water α 
N100-C 

M100K 4.71 157 K100 

M100H 
3.59 
3.51 

154 
106 

Water 1 
Water α 
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Structures of oCNF96 Local Environments 

 

Figure S14. Repeat of main text Figure 3C with Water 1-A and Water 1-B shown as H-bond partners for Q100-A 
and Q100-B, respectively. 

 

 

Figure S15. Overlay of oCNF96, I49, and Water 1 for F96oCNF and P3 and P4 PYPs. In F96oCNF, the Water 1–I49 
backbone carbonyl O distance is 2.6 Å, indicating an H-bonding interaction; the similarity in position of Water 1 
and I49 in the mutants suggests this interaction is maintained. In M100K, K100’s Nζ approximately replaces Water 
1 and remains within H-bonding distance of I49 (Figure S16). Compared to the nitrile’s position in F96oCNF, the 
P3-/P4-type nitriles move towards Water 1/K100. Atoms of a given structure are uniformly colored for clarity. 
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Figure S16. M100K K100 local environment. Potential K100 H-bonds are arranged in an approximately tetrahedral 
pattern and are indicated in cyan. Closest oCNF96– K100 contact shown in black. 

 

 

Figure S17. (A) Repeat of Figure S13E with E100–Water 1 contact indicated. 
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Figure S18. (A) Overlay of M100, Q100, and E100 residues from F96oCNF, M100Q, and M100E, respectively. The 
two views are related by a 180° rotation. M100, Q100-A, and E100 overlap very closely, particularly Q100-A and 
E100 due to M100’s elongated C – S bonds. (B) Overlay of M100 and H100 from M100H. The Cα and Cβ carbons 
overlap but, unlike Q100 or E100, H100 shows a marked deviation from M100 beginning at Cγ. 

 

 

Figure S19. M100H H100 local environment. Potential H-bonds are indicated in cyan, and the presence of two 
carbonyls within 3 Å of H100’s sidechain nitrogens suggests H100 is doubly protonated in the crystal. Closest 
oCNF96–H100 contact shown in black. 
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Figure S20. Local environments for (A) D100 in M100D and (B) N100 for M100N. Environments are shown for 
major conformers. Potential H-bonds are indicated in cyan. Both D100-A and N100-A have a potential H-bond with 
a K106 symmetry mate; this interaction is also a salt bridge for D100 since it is anionic (see Figure S21). The closest 
oCNF96–D100/N100 contact is shown in black. 
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Protonation States of E100/D100/H100 in Crystallo 

 Prior characterization of X-ray structures of small molecules indicates carboxylic acids have a bond length 
of 1.21 Å for C=O and 1.30 Å for C–OH while carboxylates have equivalent bond lengths of 1.26 Å.48,49 The 
estimated standard error on bond lengths for X-ray structures at atomic resolution (≤ 1.2 Å) is 5-10 times smaller 
than the ~0.1 Å difference between carboxylic acid bond lengths,48 so direct measurement of glutamic or aspartic 
acid sidechain bond lengths can elucidate the protonation state.48,50–52 As a calibration, we measured the sidechain 
bond lengths for the 19 endogenous Glu or Asp residues in M100E PYP (1.01 Å resolution) and display the 
differences between the Cε/δ–Oε1/δ1 and Cε/δ–Oε2/δ2 bond lengths as a histogram (Figure S21). We then measured 
the sidechain bond length difference for E100 and for D100 in M100D PYP. Based on our calibration and 
others’,48,50 we identified residues with bond length differences of 0.00 – 0.02 Å as carboxylates, 0.03 – 0.04 Å as 
indeterminate, and 0.06 – 0.08 Å as carboxylic acids. E100 was found to have a sidechain bond length difference 
of 0.02 Å in M100E, and in M100D, D100-A had a difference of 0.02 Å and D100-B had a difference of 0.00 Å; as 
such, all E100 or D100 residues are assigned as carboxylates in the crystal structures. These assignments are 
consistent with PROPKA53–55 (PDB2PQR v3.6.1), which predicts pKa values (E100: 4.40; D100-A: 2.81; D100-B: 3.84) 
significantly below the pH in the crystals (6.0). 

In M100H PYP, the crystal structure suggests H100 has H-bonds at Nδ1 with Y98’s backbone carbonyl and 
at Nε2 with a symmetry partner (Figure S19). The protonation state is difficult to corroborate by direct 
measurements of H100’s angles/bond lengths: the Nδ1–Cε1–Nε2 and Nε2–Cδ2–Cγ angles are nearly equivalent 
(difference of -0.1°),56 supporting the assignment of a doubly protonated histidine, while the difference in bond 
lengths between the Nδ1–Cε1 and Cε1–Nε2 bonds is 0.01 Å, supporting the assignment of a singly protonated 
histidine at Nδ1.57 
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Figure S21. Histogram of sidechain bond length differences between Cε/δ–Oε1/δ1 and Cε/δ–Oε2/δ2 for 19 endogenous 
Glu/Asp residues in M100E PYP. In cases where two conformers were modeled, the larger of the two differences 
was taken. Blue indicates sidechains we identified as carboxylates, yellow indicates that the protonation could not 
be determined, and red indicates carboxylic acids. E46, a known carboxylic acid which H-bonds with the pCA 
chromophore,18,58,59 was found to have a bond length difference of 0.06 Å. D71 was the only other GLU/ASP 
residue assigned as a carboxylic acid. Since its pKa in solution has previously been measured as 4.660 (PROPKA 
predicts a similar value of 4.14), the pKa shift is likely a consequence of crystal packing effects. 
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B-Factor Analysis 

 The anomalous local environment of K100 in M100K compared to the other P4 proteins (Figure S13) and 
the alterations to the β4-β5 loop conformations in M100D and M100K (Figure S12F,H) – on which residue 100 
resides – made us curious to consider the crystallographic B-factors, a measure of the mean displacement of a 
scattering center in a crystal, to assess the flexibility/rigidity of the loop (and the proteins overall; Table S14). 
Atomic B-factors  are affected both by dynamic disorder of the protein, resulting from temperature-dependent 
vibrations, and by static crystalline disorder,61 so comparing B-factors between crystals requires normalization 
with respect to the average B-factor for a given sample (referred to as normalized B-factors, or Bnorm-values; Table 
S15).62,63 F96oCNF and mutants are colored by normalized B-factors where chain thicknesses also indicate Bnorm-
values in Figure S22. In Figure S23, we considered the Bnorm-values for residues around the nitriles in F96oCNF, 
M100K, and M100D. We observed significant increases in the β4-β5 loop flexibility for M100K and M100D 
compared with F96oCNF, indicated by the loop’s change from blue in F96oCNF to white in M100K and red in 
M100D, as well as the concomitant increases in thickness. Correspondingly, residue K100 has a normalized B-
factor approximately 1σ larger than M100, while D100 is 2.5σ larger than M100 (Table S15). The other M100 
mutations also increased the Bnorm-values at the mutation site, but not to the extent of D100 and K100 since no 
other mutation increased the value by more than 0.5σ (Table S15). Additionally, a comparison of residue 100’s 
Bnorm-values for non-nitrile-containing WT PYP and Y98Q, another mutant with an altered β4-β5 loop,46 indicated 
an increased value of roughly 1σ for Q98 vs Y98. This finding suggests a correlation between alternative β4-β5 
loop conformations and elevated Bnorm-values that extends beyond our PYPs (Table S15). 
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Table S14. Average B-factors for F96oCNF and mutants of the entire structure, protein alone, and waters alone. 
Note that absolute B-factors include contributions from protein heterogeneity and crystalline disorder. Intervals 
are for 1σ s.d. All values in Å2. 

 
 

 

 

 

 

 

 

 

 

Table S15. Normalized B-factors at selected protein and water sites. Mean and standard deviation used for 
normalization are from the “Average overall B-factor” column in Table S14. B-factors for protein residues are 
averaged over all atoms of the residue, potentially including different conformers. All values in Å2. 

a Does not contain incorporated nitrile. 

PYP 
Construct 

Average overall 
B-factor 

(Å2) 

Average protein 
B-factor 

 (Å2) 

Average solvent 
B-factor 

 (Å2) 
F96oCNF 12.9 ± 6.0 12.2 ± 5.3 19.3 ± 7.7 

T103V 13.9 ± 6.9 13.1 ± 6.4 20.7 ± 7.2 
I49T 13.9 ± 5.9 13.2 ± 5.4 20.1 ± 7.2 

M100Q 15.5 ± 6.8 15.0 ± 6.4 21.8 ± 7.4 
M100E 14.0 ± 6.1 13.5 ± 5.8 20.1 ± 6.5 
M100D 18.3 ± 7.7 17.6 ± 7.3 27.6 ± 7.6 
M100N 16.0 ± 6.4 15.3 ± 5.9 24.0 ± 6.8 
M100K 19.0 ± 13.4 18.6 ± 13.6 24.6 ± 7.3 
M100H 13.5 ± 6.0 12.8 ± 5.5 20.6 ± 6.9 

PYP 
Construct 

Residue  
49 oCNF96 Residue 

 100 
Residue 

 103 
Water  

1 
Water 

 Α 
F96oCNF -0.33 -1.07 -0.83 -0.90 0.55 – 

T103V – -0.98 – -0.57 -0.12 – 
I49T -0.36 -1.07 – – 1.48 – 

M100Q – -0.95 -0.34 – -0.12 – 
M100E – -0.81 -0.57 – 1.23 – 
M100D – -0.66 1.36 – 1.43 1.67 
M100N – -0.69 -0.70 – 0.57 0.73 
M100K – -0.53 0.09 – – – 
M100H – -0.83 -0.77 – 0.80 -0.29 

WT 
 (1NWZ)64,a 

– – -0.62 – – – 

Y98Q 
(2I9V)46,a 

– – 0.50 – – – 
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Figure S22. Sausage plots of normalized B-factors (Bnorm-values) for F96oCNF and mutants. Color and thickness 
represent values for residue alpha carbons. Values range from -2σ (blue; thinnest) to 0σ (white) to +2σ (red; 
thickest). For each of the (potentially) mutated residues (shown in stick representation), heavy atoms are colored 
by Bnorm-value. Panels display Bnorm-values for (A) F96oCNF, (B) T103V, (C) I49T, (D) M100Q, (E) M100E, (F) M100D, 
(G) M100N, (H) M100K, and (I) M100H. In (A), secondary structural features α2, the α3-α4 loop, the α5-β4 loop, 
the β4-β5 loop, and the β5-β6 loop are specified along with the locations of residues 49, 100, 103, and the nitrile 
at position 96. Panels (B) through (I) display the mutated residue and a gold star at the approximate nitrile location. 
Mutations D100 (F) and K100 (H) lead to significantly increased Bnorm-values, and therefore increased flexibility, at 
the β4-β5 loop proximal to the nitrile (see Figure S23 for closeup). Mutations can also lead to increased (or 
decreased) flexibility compared to F96oCNF throughout the protein: significantly increased normalized B-factors 
are observed at α2 in (B), (D), and (H), at the α3-α4 loop in (E), at the α5-β4 loop in (C) and (G), and at the β5-β6 
loop in (B), while significantly decreased flexibility (i.e., increased rigidity) is observed at the α5-β4 loop in (D) and 
(H). Normalized B-factors for individual residues of interest are provided in Table S15. In the closeup in (A), a part 
of one loop was removed for clarity. 
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Figure S23. Normalized B-factors (Bnorm-values) for residues nearby the nitrile in (A) F96oCNF, (B) M100K, and (C) 
M100D. The protein backbone is shown in putty form where each residue’s color and thickness are proportional 
to Bnorm-values, ranging from -2σ (blue; thinnest) to 0σ (white) to +2σ (red; thickest). Negative and positive Bnorm-
values indicate decreased and increased flexibility compared to the average heavy atom in the crystal structure. 
Backbone coloring and thickness are from Cα normalized B-factors, while each heavy atom’s Bnorm-value is 
indicated by color for oCNF96 and residue 100. Changing residue 100’s identity from M100 to K100 to D100 leads 
to progressively increased flexibility at the β4-β5 loop. Mutation from M100 to D100 or K100 also caused an 
alternative β4-β5 loop conformation compared to that observed in F96oCNF (see Figure S12 for overlays). 
Normalized B-factors for individual residues of interest are provided in Table S15. 
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Mutant Nitriles Predominately H-Bond with Water: Implications for the Design of Nitrile Noncovalent 
Interactions 

In this study, we were able to alter the PYP nitrile electric fields and H-bonding, but this predominately 
occurred for reasons we did not intend, i.e., many of the nitriles H-bond with water rather than the mutated 
residue. The logic and systematic design of various nitrile noncovalent interactions here is highly analogous to our 
recent paper where chemical modifications were made around a –C≡N in metal organic frameworks (MOFs) to 
electrostatically characterize a range of noncovalent interactions.65 In that study, nitrile frequencies/inferred 
electric fields strongly suggested the design goals were achieved. Comparing the design efforts here with those in 
ref. 65 highlights the difference of exploring nitrile noncovalent interactions in proteins vs MOFs. MOFs are rigid 
and can be evacuated, which helps ensure chemical modifications conform to the design goal when H-bonding 
interactions are introduced. In contrast, soluble proteins are soft matter which are always surrounded by water, 
and the PYP mutants demonstrate the challenges of designing noncovalent interactions in these settings. Our 
inability to design nitrile environments suggests that nitriles are reasonably innocent spectators, at least when 
they are placed close to the protein surface. The success of the MOF designs suggest nitriles may be successfully 
used to benchmark force fields in that setting.66 
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S8 Molecular Dynamics Figures & Tables 
MD Electric Field and H-Bonding Characterization 

Table S16. Standard deviations (s.d.’s) of the electric field distributions of MD nitrile H-bonding and non-H-bonding 
populations. Field distributions for nitrile-containing PYPs are shown in main text Figure 4. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S24. Electric field distributions (black traces) for M100E, M100D, and M100H when titratable residues E100 
and D100 are protonated and H100 is doubly protonated with net positive charge. For M100H, distributions are 
decomposed into their H-bonding (magenta) and non-H-bonding populations (gray). Magenta and black dashed 
lines indicate the median H-bonding and non-H-bonding electric fields, respectively, and the solid lines indicate 
the fraction-weighted electric fields. The shapes of M100E and M100D’s MD distributions look appreciably 
different from M100N’s (another P4 nitrile which does not have a titrate mutation; main text Figure 4), implying 
E100 and D100 are deprotonated as suggested by IR spectroscopy and X-ray crystallography. M100H looks similar 
to M100N in terms of its field distribution, but its H-bonding and non-H-bonding fractions (Table S17) deviate 
significantly from those of M100N (main text Table 2); in contrast, neutral M100H has more similar H-bonding 
fractions to M100N and a more similar electric field distribution, suggesting H100 is neutral in solution (as 
suggested by IR spectroscopy at pH 6.0 and 8.5; Figure S9). 

PYP 
Construct 

s.d. H-bonding 
�𝑭𝑭��⃗ �C≡N,MD 
(MV/cm) 

s.d. non-H-
bonding          
�𝑭𝑭��⃗ �C≡N,MD 
(MV/cm) 

F28oCNF 19.1 15.0 
F62oCNF N/A 5.6 
F92oCNF 17.0 10.7 
F96oCNF 17.9 9.9 

T103V 18.9 9.6 
I49T 18.7 9.6 

M100Q 18.0 12.4 
M100E 19.0 14.5 
M100D 17.8 12.7 
M100N 18.4 13.3 
M100K 20.5 10.7 
M100H 19.6 13.4 
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Table S17. Calculated nitrile H-bonding/non-H-bonding fractions, median electric fields, fraction-weighted electric 
field, and associated errors for M100H with positively charged H100. Errors come from averaging four 
independent 25 ns MD trajectories. The distribution is shown in Figure S24. 

 
 

 

Figure S25. Moving average of the nitrile H-bonding fraction and moving median of the nitrile H-bonding electric 
field for all nitrile-containing PYPs except F62oCNF, which has no H-bonding population. The plots indicate our 
aggregate MD simulations are reasonably converged. 

 

  

Environment H-bonding 
fraction (%) 

non-H-bonding 
Fraction (%) 

H-bonding 
median 
�𝑭𝑭��⃗ �C≡N,MD 

 (MV/cm) 

non-H-bonding 
median 
�𝑭𝑭��⃗ �C≡N,MD 
(MV/cm) 

Fraction-
weighted 
�𝑭𝑭��⃗ �C≡N,MD 
(MV/cm) 

M100H 26.6 ± 9.8 73.4 ± 9.8 -56.5 ± 2.7 -33.3 ± 1.7 -39.7 ± 2.3 
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On the Errors for the Fraction-Weighted Median MD Electric Fields 

 While we might have assumed that nitriles in fast chemical exchange would have smaller errors for their 
fraction-weighted median �𝐹⃗𝐹�C≡N,MD values since their local dynamics are faster than for those nitriles which 
demonstrate two resolved IR populations, several P4-type nitriles have lower errors than those for T103V or I49T, 
belying this assumption. Specifically, we found that M100N and M100D, whose crystal structures have multiple 
conformations observed for the mutated residues (Figure S13F,G), have the smallest errors in �𝐹⃗𝐹�C≡N,MD values for 
any F96oCNF mutant considered for benchmarking. This observation suggests that running simulations from 
multiple starting conformations aided in exploring the nitrile electric field sampling spaces. M100Q has the largest 
error for any nitrile-containing PYP (main text Table 2), which seems to contradict this hypothesis since two poses 
were observed in the crystal structure (main text Figure 3C). To investigate this, we calculated the H-bonding 
fractions and fraction weighted-median �𝐹⃗𝐹�C≡N,MD values for runs starting from the “A” conformer (i.e., with a 
nitrile–water H-bond) and the “B” conformer (i.e., with a nitrile–Q100 H-bond; see Table S18 for fields of the 
subpopulations). We found �𝐹⃗𝐹�C≡N,MD,M100Q A is -34.2 ± 3.4 and �𝐹⃗𝐹�C≡N,MD,M100Q B is -21.4 ± 4.3, and runs starting from 
the A conformer have 15% less nitrile H-bonding populations than runs starting from the B-conformer (Table S18). 
The large disparity in �𝐹⃗𝐹�C≡N,MD depending on the starting point explains M100Q’s larger error, and altogether these 
results highlight how the crystal structure pose(s) can affect the nitrile environments sampled during the MD 
trajectories and the resulting MD electric fields. 

 

Table S18. Calculated nitrile H-bonding fractions, median electric fields, fraction-weighted electric fields, and 
associated errors from averaging four independent 25 ns MD trajectories (Table S2). 

 

 

 

 

 

 

  

PYP Construct Runs starting from 
“A” conformation 

Runs starting from 
“B” conformation 

H-bonding fraction (%) 56 ± 7 41 ± 12 

Protein H-bonding fraction (%) 50 ± 25 55 ± 8 

non-H-bonding median field (MV/cm) -22.4 ± 1.3 -14.0 ± 2.5 

H-bonding median field (MV/cm) -44.0 ± 5.3 -32.3 ± 1.4 

Fraction-weighted median field (MV/cm) -34.2 ± 3.4 -21.3 ± 4.3 
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Frequency of “Long” Nitrile H-Bonding and Non-H-Bonding Residence Times 

Table S19. Number of nitrile H-bonding and non-H-bonding residence events of >250 ps and >1000 ps observed 
for F96oCNF and mutants. 

 

 

 

 

  

PYP 
Construct State >250 ps >1000 ps 

F96oCNF Non-H-Bonding 97 14 
F96oCNF H-Bonding 0 0 

T103V Non-H-Bonding 111 22 
T103V H-Bonding 6 0 
I49T Non-H-Bonding 110 11 
I49T H-Bonding 6 0 

M100Q  Non-H-Bonding 18 1 
M100Q  H-Bonding 1 0 
M100E Non-H-Bonding 2 0 
M100E H-Bonding 14 0 
M100D Non-H-Bonding 7 0 
M100D H-Bonding 0 0 
M100N Non-H-Bonding 1 0 
M100N H-Bonding 0 0 
M100K Non-H-Bonding 117 17 
M100K H-Bonding 0 0 
M100H Non-H-Bonding 40 3 
M100H H-Bonding 5 0 
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Structural Origins of M100K’s and M100E’s Altered H-Bonding Fractions Relative to the Other P4-Type 
Nitriles 

 M100K has an anomalously low MD H-bonding fraction compared with the other P4-type nitriles (main 
text Table 2). To understand why this is the case, we tallied the number of times each nitrile for F96oCNF and 
mutants remained in an H-bonding or non-H-bonding state for >1 ns (Table S19). We found M100K’s nitrile had 
five times the number of these residences in the non-H-bonding state compared with any other P4-type nitrile. 
We investigated the protein structures associated with >1 ns residences and found K100–T103 H-bonds in many 
of these snapshots (see Figure S26 for a representative), an interaction that is not present in the crystal structure 
(Figure S13I). K100 H-bonds with T103 in 33% of frames – about the same difference in H-bonding fraction seen 
between M100K and other P4-type nitriles (main text Table 2). As such, the K100–T103 H-bonds are the origin for 
M100K’s deviation from the other P4-type nitrile MD field distributions (main text Figure 4); because of this 
artificial dissimilarity, M100K was not used for benchmarking. 

 
Figure S26. Representative snapshot of a K100 – T103 H-bond (cyan dotted line) in M100K with oCNF96, K100, 
and T103 shown as sticks. The NK100–OT103 H-bond distance is 2.73 Å and the CT103–OT103–NT103 H-bond angle is 141°. 
Water molecules have been removed for clarity. 

 In addition, M100E has a larger H-bonding fractions than the other P4-type nitriles in the AMOEBA 
simulations (main text Table 2). To understand why, we carried out a similar analysis to what was done for M100K. 
In considering “long” residence times in the H-bonding state, M100E exhibited twice as many >250 ps residences 
as any other P4-type nitrile used for benchmarking (Table S19). We previously found protein H-bonds tend to 
exhibit longer residence times than solvent H-bonds,5,17 so we investigated M100E’s nitrile’s H-bond partners and 
found it H-bonds with a partner on the protein 13% of the time, an order of magnitude more than in M100D, 
M100N, or M100H, and a 4-fold increase from F96oCNF (Table S20). Of M100E’s nitrile–protein H-bonds, over 
95% were with T50 (Table S20), a residue in the same alpha helix as I49 (main text Figure 1A). These T50 H-bonds 
can be observed in M100E’s H-bond distance vs angle contour plot: M100E could not be well-fit unless two 
Gaussians were used, with one Gaussian having similar average H-bond distance and angle to the other P4-type 
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nitriles and the other Gaussian centered at 3.25 Å and 110° (Table S24). Fitting contour plots for M100E nitrile–
water or nitrile–T50 H-bonds indicates T50 is the origin of the population with longer distances and smaller angles, 
while the water H-bonds sample the same geometries as in the other P4-type nitriles(Table S25). As such, the T50 
H-bonds are the origin of M100E’s smaller non-H-bonding fraction compared with the other P4-type nitriles (main 
text Table 2), which in turn can explain why M100E’s IR band has a smaller extinction coefficient at its absorption 
maximum – which corresponds with the aprotic peak position – than any other P4-type nitrile (main text Figure 
2A and Figure S10). 
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MD H-Bond Donor Identities 

Table S20. Fraction of nitrile H-bonds to either a protein residue or solvent from MD simulations. Cases with 
multiple H-bonds (which constitute <2% of all MD frames) were not considered to simplify donor assignment. 

 

 

 

 

 

 

 

 

 

 

a Crystallographic occupancies in Table S12 are remarkably similar (conformer A corresponds with a solvent H-
bonding pose). 

  

Environment/ 
Force Field 

Protein 
 (%) 

Solvent 
 (%) 

F96oCNF 
3.0 

(84.0 with T50) 
97.0 

T103V 6.6 93.4 
I49T 8.4 91.6 

M100Q 53.0  
(97.4 with Q100) 

47.0a 

M100E 
13.3  

(96.4 with T50) 
86.7 

M100D 0.5 99.5 
M100N 1.7 98.3 

M100K 
11.7 

(39.8 with K100) 
88.3 

M100H 0.6 99.4 
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Investigating the Origins of M100Q’s MD Electric Field Distribution 

 

Figure S27. Decomposition of the M100Q nitrile MD electric field distribution from main text Figure 4 into 
contributions from the non-H-bonding (grey), Q100 H-bonding (purple), and water H-bonding populations (blue). 
Fields from frames with both a Q100 and a water H-bond – about 8% of H-bonding frames – were excluded. 

 

Table S21. Median and standard deviation of the electric field distributions for M100Q nitrile–water H-bonds and 
nitrile–Q100 H-bonds (which make up the vast majority of the protein H-bonding population; see Table S20) from 
aggregate MD simulations. Median electric fields and associated errors from averaging over eight independent 25 
ns trajectories are shown in parentheses. 

 

 

 

 

 

  

PYP 
Construct 

Median Electric 
Field 

(MV/cm) 

s.d. Electric Field 
(MV/cm) 

M100QWater 
-44.8  

(-43.6 ± 7.3) 
18.3 

M100QQ100 
-31.5 

(-31.3 ± 3.7) 
12.6 
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Investigating the Seeming Discrepancy Between the Number of IR and MD Populations for M100Q 

While the identification of two nitrile H-bonding species in M100Q in Table S20 and Figure S27 explains 
why its median H-bonding field is smaller than those for F96oCNF or the other mutants (main text Figure 4 and 
Table 2), it also raises a separate question: why are only two nitrile IR bands present (main text Figure 2) when 
there are three nitrile species in the MD simulations (non-H-bonding, H-bonding with water, and H-bonding with 
Q100)? To probe this question, we generated a predicted M100Q IR spectrum that does not account for TDM 
tuning by calculating a nitrile frequency for every output MD frame (Figure S28). This was done using eq 1, where 
the gas phase frequency and Stark tuning rate are that for oTN,1 the fields are from the AMOEBA simulations, and 
the H-bond blueshifts were derived using eq S1 (see Section S3). The frequencies were binned every 0.25 cm-1 to 
create a spectrum which indicates that the MD M100Q H-bonding population is centered at slightly higher energy 
than the non-H-bonding population, as we observe in the experimental IR spectrum (main text Figure 2). When 
we quantified the median values for both MD populations, we obtained values of 2228.0 cm-1 for the non-H-
bonding population and 2232.3 cm-1 for the H-bonding population (Table S22): these values are within 1 cm-1 of 
the experimentally observed frequencies (Table S8), in excellent agreement. Further dissecting the H-bonding 
population, we find the Q100 MD H-bonding population has a median frequency of 2233.2 cm-1, which is within 
the error of the experimental value (Table S8), while the water H-bonding population has a median value of 2231.8 
cm-1. Since the MD nitrile–Q100 and nitrile–water H-bonding populations’ center frequencies are separated by 
less than 1.5 cm-1, this exercise implies the two populations overlap in the experimental IR spectrum, as is 
observed in Figure S28. Therefore, we can clarify the apparent population discrepancy between IR and MD using 
eqs 1 and S1, an illustration of the VSE formalism’s ability to successfully model nitrile frequencies with the new 
H-bond blueshift equation.5 
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Figure S28. M100Q MD IR spectrum. The spectrum was generated by using the fields and H-bond distance/angle 
from every output frame and inputting the quantities into main text eq 1, with the H-bond blueshift described by 
eq S1. Frequencies were binned every 0.25 cm-1. Frames with H-bonds to both water and Q100 were excluded for 
simplicity. Note that the H-bonding “band” appears smaller than the experimental H-bonding band (main text 
Figure 2C) since the MD generated IR spectrum does not incorporate the TDM tuning effect on the band intensity. 

 

Table S22. M100Q MD nitrile frequencies derived using main text eq 1. 

 

  
PYP 

Construct 

Median MD 
Nitrile Frequency 

(cm-1) 
M100Qnon-H-bonding 2228.0 

M100QH-bonding 2232.3 
M100QWater 2233.2 
M100QQ100 2231.8 
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Nitrile H-Bond Contour Plots 

 

Figure S29. Nitrile H-bond angle vs distance for H-bonds in F28oCNF PYP depicted as a contour plot describing H-
bond angle/distance sampling space. 1D histograms show the sampling space projected along the individual 
variables. 
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Figure S30. Nitrile H-bond angle vs distance for H-bonds in F92oCNF PYP depicted as a contour plot describing H-
bond angle/distance sampling space. 1D histograms show the sampling space projected along the individual 
variables. 
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Figure S31. Nitrile H-bond angle vs distance for H-bonds in F96oCNF PYP depicted as a contour plot describing H-
bond angle/distance sampling space. 1D histograms show the sampling space projected along the individual 
variables. 
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Figure S32. Nitrile H-bond angle vs distance for H-bonds in F96oCNF T103V PYP depicted as a contour plot 
describing H-bond angle/distance sampling space. 1D histograms show the sampling space projected along the 
individual variables.  
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Figure S33. Nitrile H-bond angle vs distance for H-bonds in F96oCNF I49T PYP depicted as a contour plot describing 
H-bond angle/distance sampling space. 1D histograms show the sampling space projected along the individual 
variables.  
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Figure S34. Nitrile H-bond angle vs distance for H-bonds in F96oCNF M100Q PYP depicted as a contour plot 
describing H-bond angle/distance sampling space. 1D histograms show the sampling space projected along the 
individual variables. More sampling is observed at smaller angles and longer distances than in the other F96oCNF 
mutants. Due to this, we explored what the contour plot looks like out to longer distances (Figure S35) and further 
broke the contour plot down into contributions from water and Q100 H-bonds with the nitrile (Figure S36; see 
Table S20 for relative H-bonding fractions). 
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Figure S35. Repeat of the F96oCNF M100Q PYP nitrile H-bond angle vs distance contour plot and H-bond distance 
histogram in Figure S34 extending the distance axis out to 5.5 Å. The H-bond cutoff distance of 4.0 Å is shown as 
a dashed line. If the H-bond cutoff distance were moved out to 4.5 Å (closer to the end of the first solvation shell 
here), the H-bonding fraction would increase by 1.4 %, comparable to the increase in the fraction for F92oCNF 
using a distance cutoff of 3.5 Å vs 4.0 Å.17 This does not represent a large increase and, hence, a cutoff distance of 
4.0 Å is still reasonable to adopt here.  
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Figure S36. Nitrile H-bond angle vs distance for H-bonds with (A) water and (B) Q100 in F96oCNF M100Q PYP 
depicted as a contour plot describing H-bond angle/distance sampling space. 1D histograms show the sampling 
space projected along the individual variables. 
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Figure S37. Nitrile H-bond angle vs distance for H-bonds in F96oCNF M100E PYP depicted as a contour plot 
describing H-bond angle/distance sampling space. 1D histograms show the sampling space projected along the 
individual variables. More sampling is observed at smaller angles than in the other F96oCNF mutants. Due to this, 
we further broke the contour plot down into contributions from water and T50 H-bonds with the nitrile (Figure 
S38; see Table S20 for relative H-bonding fractions). 
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Figure S38. Nitrile H-bond angle vs distance for H-bonds with (A) water and (B) T50 in F96oCNF M100E PYP 
depicted as a contour plot describing H-bond angle/distance sampling space. 1D histograms show the sampling 
space projected along the individual variables. 
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Figure S39. Nitrile H-bond angle vs distance for H-bonds in F96oCNF M100D PYP depicted as a contour plot 
describing H-bond angle/distance sampling space. 1D histograms show the sampling space projected along the 
individual variables.  
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Figure S40. Nitrile H-bond angle vs distance for H-bonds in F96oCNF M100N PYP depicted as a contour plot 
describing H-bond angle/distance sampling space. 1D histograms show the sampling space projected along the 
individual variables. 
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Figure S41. Nitrile H-bond angle vs distance for H-bonds in F96oCNF M100K PYP depicted as a contour plot 
describing H-bond angle/distance sampling space. 1D histograms show the sampling space projected along the 
individual variables.  



S70 
 

 

Figure S42. Nitrile H-bond angle vs distance for H-bonds in F96oCNF M100H PYP depicted as a contour plot 
describing H-bond angle/distance sampling space. 1D histograms show the sampling space projected along the 
individual variables. 
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Nitrile H-bond Distances and Angles Extracted from Contour Plots 

 To extract average H-bond donor distances and angles for the contour plots in Figures S29–S42, the plots 
were fit with a rotated Gaussian surface (i.e., 2D Gaussian): 

𝐶𝐶 = 𝐴𝐴 exp�− 
1
2 �

𝑑𝑑𝑁𝑁𝑁𝑁 cos(𝜑𝜑)+𝜃𝜃𝐶𝐶𝐶𝐶𝐶𝐶 sin(𝜑𝜑)−𝜇𝜇𝑑𝑑𝑁𝑁𝑁𝑁 cos(𝜑𝜑)+𝜇𝜇𝜃𝜃𝐶𝐶𝐶𝐶𝐶𝐶 sin(𝜑𝜑)
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−𝑑𝑑𝑁𝑁𝑁𝑁 sin(𝜑𝜑)+𝜃𝜃𝐶𝐶𝐶𝐶𝐶𝐶 cos(𝜑𝜑)−𝜇𝜇𝑑𝑑𝑁𝑁𝑁𝑁 sin(𝜑𝜑)+𝜇𝜇𝜃𝜃𝐶𝐶𝐶𝐶𝐶𝐶 cos(𝜑𝜑)
𝜎𝜎𝜃𝜃𝐶𝐶𝐶𝐶𝐶𝐶
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2

�  

where C is the relative number of counts, A is a scaling factor, dNX is the H-bond donor distance, θCNX is the H-bond 
donor angle, 𝜑𝜑 is the rotation angle in the plane of the contour plot, 𝜇𝜇𝑑𝑑𝑁𝑁𝑁𝑁  is the H-bond distance mean, 𝜇𝜇𝜃𝜃𝐶𝐶𝐶𝐶𝐶𝐶  is 
the H-bond angle mean, 𝜎𝜎𝑑𝑑𝑁𝑁𝑁𝑁  is the H-bond distance standard deviation, and 𝜎𝜎𝜃𝜃𝐶𝐶𝐶𝐶𝐶𝐶  is the H-bond angle standard 
deviation (Table S23). 

Most contour plots are well-fit by single Gaussians with average distances and angles of approximately 
3.0 Å and 150°, respectively (Table S23). In contrast, M100Q’s and M100E’s contour plots show the presence of 
two populations (Figure S34 & Figure S37). For M100Q, when fit with two Gaussians, one population is observed 
with a similar average H-bond geometry as for F96oCNF and the other mutants, while the other population has 
an average distance and angle of 3.5 Å and 110° (Table S24). We generated separate contour plots for M100Q 
nitrile–water H-bonds and nitrile–Q100 H-bonds (Table S25), and single Gaussian fits to both plots indicate the 
water H-bonds are the population present for the other nitriles, while the Q100 H-bonds are the population 
unique to M100Q (compare Tables S23–S25). An analysis of M100E in the same way reveals that the two 
populations arise from nitrile–water H-bonds, which also have average distances and angles of about 3.0 Å and 
150°, and nitrile–T50 H-bonds, which exhibit an average distance and angle of 3.3 Å and 110° (Table S25; see also 
discussion around Figure S26). 

Table S23. Average nitrile H-bond distances and angles from fits with rotated Gaussian surfaces in Figures S29–  
S42. Errors provided are 1σ standard errors of the fit. M100Q and M100E demonstrate a marked decrease in R2 
for one band fits compared with all other PYPs (except M100K); the presence of a second population is evident in 
the contour plots (Figure S34 & Figure S37), and two band fits are provided in Table S24. 

PYP 
Construct 

Avg. H-Bond 
Distance, 𝝁𝝁𝒅𝒅𝑵𝑵𝑵𝑵  

(Å) 

Avg. H-Bond 
Angle, 𝝁𝝁𝜽𝜽𝑪𝑪𝑪𝑪𝑪𝑪  

(°) 

H-Bond 
Distance  
s.d., 𝝈𝝈𝒅𝒅𝑵𝑵𝑵𝑵  

(Å)  

H-Bond  
Angle  

s.d., 𝝈𝝈𝜽𝜽𝑪𝑪𝑪𝑪𝑪𝑪  
 (°) 

R2 

F28oCNF 3.00 ± 0.003 162.8 ± 0.3 0.16 ± 0.002 16.1 ± 0.3 0.89 
F92oCNF 2.91 ± 0.001 167.7 ± 0.1 0.13 ± 0.001 9.6 ± 0.1 0.96 
F96oCNF 3.05 ± 0.003 154.1 ± 0.2 0.18 ± 0.003 16.2 ± 0.3 0.89 

T103V 3.05 ± 0.003 157.4 ± 0.3 0.18 ± 0.003 17.5 ± 0.3 0.87 
I49T 3.05 ± 0.003 157.2 ± 0.4 0.18 ± 0.003 19.5 ± 0.4 0.88 

M100Q 3.31 ± 0.007 132.9 ± 0.7 0.25 ± 0.005 31.3 ± 0.7 0.79 
M100E 3.06 ± 0.004 147.3 ± 0.7 0.18 ± 0.004 29.1 ± 0.8 0.81 
M100D 3.06 ± 0.003 150.4 ± 0.3 0.19 ± 0.003 17.6 ± 0.3 0.88 
M100N 3.05 ± 0.003 152.2 ± 0.3 0.18 ± 0.003 16.1 ± 0.3 0.89 
M100K 3.02 ± 0.004 156.2 ± 0.3 0.17 ± 0.003 15.1 ± 0.3 0.80 
M100H 3.03 ± 0.003 152.9 ± 0.4 0.17 ± 0.003 20.7 ± 0.4 0.87 
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Table S24. Average H-bond distance and angle between nitrile and H-bond donor from simultaneous fits with 
two 2D Gaussians. Errors provided are 1σ standard error of the fits. 

 

 

Table S25. Average H-bond distance and angle between nitrile and H-bond donor from single Gaussian fits. Errors 
provided are 1σ standard error of the fits. 

 
  

PYP 
Construct 

Avg. H-Bond 
Distance  

(Å) 

Avg. H-Bond 
Angle  

(°) 

H-Bond 
Distance s.d. 

(Å)  

H-Bond  
Angle s.d. 

 (°) 
R2 

M100Q 3.15 ± 0.005 152.8 ± 0.4 0.23 ± 0.004 14.7 ± 0.4 0.88 
M100Q 3.50 ± 0.009 109.1 ± 0.4 0.29 ± 0.008 12.8 ± 0.5  
M100E 3.01 ± 0.002 155.2 ± 0.2 0.16 ± 0.002 13.1 ± 0.3 0.94 
M100E 3.25 ± 0.007 111.7 ± 0.6 0.24 ± 0.006 16.5 ± 0.6  
M100K 3.01 ± 0.003 158.3 ± 0.2 0.15 ± 0.003 12.5 ± 0.3 0.92 
M100K 3.38 ± 0.015 117.8 ± 1.6 0.29 ± 0.01 29.8 ± 0.6  

PYP 
Construct 

Avg. H-Bond 
Distance  

(Å) 

Avg. H-Bond 
Angle  

(°) 

H-Bond 
Distance s.d. 

(Å)  

H-Bond  
Angle s.d. 

 (°) 
R2 

M100QWater 3.12 ± 0.003 153.6 ± 0.2 0.21 ± 0.003 15.3 ± 0.2 0.90 
M100QQ100 3.49 ± 0.005 111.5 ± 0.3 0.25 ± 0.005 15.1 ± 0.3 0.84 
M100EWater 3.04 ± 0.003 151.8 ± 0.3 0.17 ± 0.003 18.6 ± 0.3 0.87 
M100ET50 3.26 ± 0.004 106.6 ± 0.2 0.21 ± 0.003 11.1 ± 0.2 0.88 
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S9 oTN in Methanol MD and IR Analysis 
AMOEBA MD Nitrile H-Bonding/Non-H-Bonding Fraction and Electric Field Characterization 

 

Figure S43. Moving average of the nitrile H-bonding fraction for oTN in methanol (MeOH) indicates the simulation 
is reasonably well converged. 

 

Table S26. Average MD solvent electric fields and population fractions for oTN in MeOH.5 

 

 

 

 
a Fraction-weighted field that is the sum of the products of the aprotic fraction and field and the protic fraction 
and field. 

 

Table S27. Extracted IR peak parameters for oTN in MeOH using population fractions shown in Table S26.5 

a Peak positions (𝜈̅𝜈obs) and FWHM have an error of <0.1 cm-1. 

Environment 
Median 

Environmental |𝑭𝑭��⃗ | 
(MV/cm) 

Population 
Fraction 

(%) 
MeOH Aprotic -29.8 78.0 
MeOH Protic -67.9 22.0 

MeOH -37.9a – 

Environment 𝝂𝝂�𝐨𝐨𝐨𝐨𝐨𝐨 
(cm-1)a 

FWHM 
(cm-1)a 

|𝒎𝒎���⃗ |100% 

(D) 

|𝑭𝑭��⃗ |C≡N,TDM 

(MV/cm) 
Δ𝝂𝝂�non-HB 

(cm-1) 
Δ𝝂𝝂�HB 

(cm-1) 
MeOH – – 0.0766 ± 0.0005 -41 ± 1 – – 
MeOH  
Aprotic 

2227.77 ± 0.02 8.42 ± 0.06 0.0743 ± 0.0009 -39 ± 1 -7 ± 1 4 ± 1 

MeOH  
Protic 

2233.21 ± 0.03 8.26 ± 0.06 0.0932 ± 0.0011 -59 ± 1 -11 ± 1 13 ± 1 



S74 
 

Assessing the Efficacy and Origins of Error in the Two-Band TDM Tuning Analysis 

To assess the efficacy of the two-band TDM tuning method for oTN in MeOH, we considered the values 
we obtained from the method against the analogous MD values. For these comparisons, we treated the values 
for oTN in MeOH derived from AMOEBA as the ground truth. This is justified by our ability to recapitulate the IR 
spectrum of oTN in MeOH by applying the fast frequency approximation67,68 to the instantaneous –C≡N 
frequencies and TDMs from AMOEBA simulations,5 as well as the strong correlations observed between 
experimental and MD electric fields and H-bond shifts.5,17 The TDM-derived electric fields (-39 ± 1 MV/cm and -59 
± 1 MV/cm for non-H-bonding and H-bonding species; Table S27) can be compared against the median MD H-
bonding and non-H-bonding environmental electric fields, which are -30 MV/cm and -68 MV/cm, respectively; 
these are within 10 MV/cm of the experimentally derived values, in reasonable agreement. The H-bond shifts can 
be compared against expected or MD-derived values: Δ𝜈̅𝜈HB,aprotic,MD should be 0 cm-1 by definition, while 
Δ𝜈̅𝜈HB,protic,MD can be obtained by inputting the average H-bond distance and angle from the trajectory (3.04 Å and 
159.7°; see Figure S8 and Table S8 in ref. 5) into eq S1 and halving it, a consequence of motional narrowing from 
quickly fluctuating solvent H-bonding interactions:5 this process results in a value of 12 cm-1. Then, we find the 
TDM tuning Δ𝜈̅𝜈HB,aprotic,TDM value (4 ± 1 cm-1) is in decent agreement, while the Δ𝜈̅𝜈HB,protic,TDM value (13 ± 1 cm-1) is in 
excellent agreement. Overall, the two-band TDM tuning method produces reasonable to excellent values. 

Aside from the error inherent in the field-TDM and field-frequency small molecule calibrations (see Figure 
S5), the sources of error in this method come from band fitting and the H-bonding/non-H-bonding fractions. To 
diagnose where the difference between the TDM-derived and MD-derived fields for oTN in MeOH arise from, we 
considered what happens when the unscaled band areas and the fractions are independently altered. Table S28 
shows the results for two scenarios: one, when the unscaled aprotic band area is made 10% smaller and the protic 
band area is made 10% larger, and the second, when the H-bond fraction is decreased by 3.5%. These scenarios 
were chosen because they are conceivable given limitations to band fitting or AMOEBA’s ability to reproduce the 
true H-bonding fraction. When the H-bonding fraction is decreased, the protic field is closer to the AMOEBA value, 
but the aprotic value is largely unaltered (Table S28), so this alteration does not improve the aprotic field 
compared with AMOEBA. In contrast, when the aprotic and protic bands areas are simultaneously decreased and 
increased, respectively, in a manner which conserves the total band area, both the aprotic and protic fields are in 
good agreement with values from AMOEBA. As such, we deem it more likely the discrepancy between TDM-
derived and MD-derived protic and aprotic fields in the main text is a result of band fitting rather than from 
incorrect H-bonding and non-H-bonding fractions. The error in the band fitting itself likely arises from the lack of 
clear separation between the –C≡N’s protic and aprotic bands (main text Figure 2); this is a common problem in 
spectral fitting and therefore does not reflect on the efficacy of the method developed here. 

It is worth noting that even in the scenario where individual electric fields are in excellent agreement, the 
aprotic H-bond shift is still 2 cm-1 rather than 0 cm-1 (Table S28). This indicates that choosing a value for Δ𝜈̅𝜈HB,aprotic 
(e.g., 0 cm-1) to enable two-band TDM tuning analysis, since doing so would reconcile the number of observables 
and unknowns when two IR bands are present, is not advisable: it is too stringent given the propagation of error 
of our TDM-field and frequency-field calibrations and the limitations in accuracy expected for the experiments 
and simulations used here. At the same time, assessments of the difference between Δ𝜈̅𝜈HB,aprotic,TDM and 0 cm-1 are 
particularly useful since nitriles in aprotic environments have no H-bond shift. As long as Δ𝜈̅𝜈HB,aprotic,TDM is close to 
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zero, the other parameters derived from this method should be physically meaningful, independent of where fprotic 

is derived from: the case of oTN in MeOH exemplifies this point. 

 

Table S28. Hypothetical extracted IR peak parameters for oTN in MeOH if unscaled band areas or population 
fractions were altered from the values in the main text. 

a Parameters if nitrile bands in main text Figure 5A were altered such that the unscaled aprotic band area was 10% 
smaller and the protic band area was 10% larger. 

  

Environment 
𝐟𝐟𝐩𝐩𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫 

(%) 
𝐟𝐟𝐚𝐚𝐚𝐚𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫 

(%) 
|𝒎𝒎���⃗ |100% 

(D) 

|𝑭𝑭��⃗ |C≡N,TDM 

(MV/cm) 
Δ𝝂𝝂�non-HB 

(cm-1) 
Δ𝝂𝝂�HB 

(cm-1) 
MeOH  

Aprotica 22.0% 78.0% 
0.0665 ± 
0.0009 

-30 ± 1 -6 ± 1 2 ± 1 

MeOH  
Protica 

22.0% 78.0% 
0.1021 ± 
0.0013 

-69 ± 1 -13 ± 1 15 ± 1 

MeOH  
Aprotic 

18.5% 81.5% 
0.0727 ± 
0.0007 

-37 ± 1 -7 ± 1 3 ± 1 

MeOH  
Protic 

18.5% 81.5% 
0.1017 ± 
0.0013 

-68 ± 1 -13 ± 1 15 ± 1 
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S10 Nitrile Electric Fields and H-Bond Blueshifts Obtained from TDM Tuning for Multiple IR Bands 

Table S29. Extracted aprotic population IR peak parameters for the P3- and P4-type nitriles.  

a Repeated from Table S8. 
b Fits had 0-45% Lorentzian contribution. 
c Fits had 0-40% Lorentzian contribution. 
 

Table S30. Extracted protic population IR peak parameters for the P3- and P4-type nitriles. 

a Repeated from Table S8. 
b Fits had 30-55% Lorentzian contribution. 
c Fits had 10-50% Lorentzian contribution. 
  

Environment 𝝂𝝂�𝐨𝐨𝐨𝐨𝐨𝐨 
(cm-1)a 

FWHM 
(cm-1)a 

|𝒎𝒎���⃗ |100% 

(D) 

|𝑭𝑭��⃗ |C≡N,TDM 

(MV/cm) 
Δ𝝂𝝂�non-HB 

(cm-1) 
Δ𝝂𝝂�HB 

(cm-1) 

M100Qaprotic
b 2227.6 ± 0.2 7.4 ± 0.2 0.059 ± 0.002 -22 ± 3 -4 ± 1 0 ± 1 

M100Eaprotic
c 2226.16 ± 0.03 6.65 ± 0.02 0.050 ± 0.002 -13 ± 2 -2 ± 1 -3 ± 1 

M100Daprotic
c 2225.94 ± 0.04 6.6 ± 0.1 0.053 ± 0.002 -15 ± 2 -3 ± 1 -3 ± 1 

M100Naprotic
c 2226.08 ± 0.02 6.5 ± 0.1 0.054 ± 0.002 -17 ± 2 -3 ± 1 -2 ± 1 

M100Haprotic
c 2226.11 ± 0.01 6.63 ± 0.03 0.055 ± 0.002 -18 ± 2 -3 ± 1 -2 ± 1 

Environment 𝝂𝝂�𝐨𝐨𝐨𝐨𝐨𝐨 
(cm-1)a 

FWHM 
(cm-1)a 

|𝒎𝒎���⃗ |100% 

(D) 

|𝑭𝑭��⃗ |C≡N,TDM 

(MV/cm) 
Δ𝝂𝝂�non-HB 

(cm-1) 
Δ𝝂𝝂�HB 

(cm-1) 

M100Qaprotic
b 2233.4 ± 0.3 8.0 ± 0.2 0.064 ± 0.002 -28 ± 2 -5 ± 1 7 ± 1 

M100Eaprotic
c 2231.3 ± 0.1 13.4 ± 0.1 0.072 ± 0.002 -36 ± 2 -7 ± 1 7 ± 1 

M100Daprotic
c 2230.7 ± 0.1 12.7 ± 0.2 0.079 ± 0.003 -44 ± 3 -8 ± 1 8 ± 1 

M100Naprotic
c 2230.6 ± 0.2 12.1 ± 0.1 0.073 ± 0.002 -37 ± 2 -7 ± 1 6 ± 1 

M100Haprotic
c 2231.14 ± 0.02 13.5 ± 0.1 0.078 ± 0.003 -42 ± 3 -8 ± 1 8 ± 1 
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S11 Correlations of Experimentally and Computationally Derived Electric Fields and H-Bond Shifts 

Table S31. Correlations of average and individual fields and blueshifts compare different convolutions of 
fields/blueshifts with H-bonding and non-H-bonding fractions. 

 Average Field Individual Field Average 
Blueshift 

Individual 
Blueshift 

(Protic 
Population) 

Experimentally 
Derived 

�𝐹⃗𝐹�
C≡N,TDM

 

(Always 
attainable) 

�𝐹⃗𝐹�
C≡N,aprotic,TDM

 

or 
�𝐹⃗𝐹�

C≡N,protic,MD
 

(Requires input 
of faprotic or 

fprotic;a 
Attainable when 
multiple bands 

present) 

Δν�HB,TDM 
(Attainable for 
single IR bands) 

Δν�HB,protic,TDM 
(Requires input 

of fproticb) 

MD-Derived 

fprotic ∗
�𝐹⃗𝐹�

C≡N,protic,MD
+

faprotic ∗
�𝐹⃗𝐹�

C≡N,aprotic,MD
  

�𝐹⃗𝐹�
C≡N,protic,MD

  

or 
�𝐹⃗𝐹�

C≡N,aprotic,MD
 

fprotic ∗
Δν�HB,protic,MD

b,c,d Δν�HB,protic,MD
d 

a (|𝑚𝑚��⃗ |100%,protic − |𝑚𝑚��⃗ |0)/|𝐴𝐴| = �𝐹⃗𝐹�
C≡N,protic,TDM

, where “unscaled band area"/fprotic = |𝑚𝑚��⃗ |100%,protic. 
b fprotic ∗ Δν�HB,protic,MD + faprotic ∗ Δν�HB,aprotic,MD = fprotic ∗ Δν�HB,protic,MD + faprotic ∗ 0 =  
fprotic ∗ Δν�HB,protic,MD. 
c ν�obs − ν�0 − |Δ𝜇⃗𝜇|�𝐹⃗𝐹�

C≡N,protic,TDM 
= Δν�HB,protic,TDM, where �𝐹⃗𝐹�

C≡N,protic,TDM 
 is derived as in a. 

d Derived by inputting the average H-bonding distance and angle (Table S23 & Table S25) into eq S1 and 
dividing the result by 2 for solvent H-bonds. 
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Details on Error Propagation for 𝛥𝛥𝜈̅𝜈HB,TDM 

When the TDM tuning method is employed for single IR bands, the error in Δ𝜈̅𝜈HB,TDM arises from the error 
in the fields inferred via the TDM. Then, the absolute error in Δ𝜈̅𝜈HB,TDM is estimated by multiplying the inferred 

electric field error from TDM tuning by the Stark tuning rate (0.18 𝑐𝑐𝑐𝑐
−1

𝑀𝑀𝑀𝑀
𝑐𝑐𝑐𝑐

)1. In this study, nitriles in the proteins 

have a field error of 2 MV/cm (Table S6). Then, for the benchmarking in main text Figure 6, we conservatively use 
an error of ± 0.5 cm-1 for Δ𝜈̅𝜈HB,TDM for single IR bands. 

For the extended TDM tuning method with two bands, we propagate the error for the TDM of the entire 
bandshape with the fitting error for either the protic or aprotic band to obtain the error for the unscaled band 
areas. Our fitting typically does not lead to electric field errors larger than 2 MV/cm (Table S27; Table S29; Table 
S30), so the error estimates for H-bond shifts would be similar to those for single band nitriles. However, in the 
two band TDM tuning method implemented in the main text, we use the AMOEBA MD H-bonding and non-H-
bonding fractions to obtain the scaled band areas from the unscaled band areas. Therefore, to reflect the 
increased uncertainty in values from the two-band method, we use an error of ± 1 cm-1 for Δ𝜈̅𝜈HB,protic,TDM for nitriles 
with two IR bands. 
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Calculation of 𝛥𝛥𝜈̅𝜈HB,MD 

 Values for Δ𝜈̅𝜈HB,MD and all values necessary to obtain it are provided in Table S32. The values were 
calculated as follows: for all H-bonding nitrile species, the average H-bonding distance and angle (Table S23 & 
Table S25) were input into eq S1.5 In cases where multiple H-bond donors were observed in the MD simulations, 
Δ𝜈̅𝜈HB,MD is the average of the H-bond shifts from each environment. If the H-bond donor was the solvent, the value 
from eq S1 was divided by 2. This is because the H-bond shift is motionally narrowed to an averaged value when 
the H-bond donor is quickly making and breaking the hydrogen bond over the nitrile’s vibrational excited state 
dephasing time.5 While prior work indicated the most accurate computational method to obtain Δ𝜈̅𝜈HB,MD for nitriles 
H-bonded with solvents is to directly simulate their IR spectra, we found halving the prediction from eq S1 was a 
reasonable approximation.5 Additionally, for single band nitriles, the value from eq S1 or half the value was 
multiplied by the H-bonding fraction, since the experimental values are averaged with the H-bond shift for the 
aprotic fraction (0 cm-1), in analogy to the fraction-weighted MD electric fields. For nitriles exhibiting two IR bands, 
no weighting is necessary, as the method in main text Figure 5 obtains all TDM tuning parameters as if the band 
were 100% of the sample concentration. We distinguish between bands that need to be multiplied by the H-
bonding fraction or not by the presence or absence of a value for fprotic in Table S32. 

We previously found eq S1, which was derived using oTN’s nitrile, also worked well to describe H-bond 
shifts for various aliphatic nitriles in metal organic frameworks (MOFs).5,65 We include H-bond shifts for these 
MOFs in some of the following comparisons. Experimentally and computationally derived MOF nitrile H-bond 
shifts were taken from ref. 5. Experimentally derived values were originally obtained from the difference in the 
observed Raman shift and the expected frequency using AMOEBA electric fields if the VSE were the only frequency 
tuning mechanism.65 Since these points are derived from frequencies, which have much less error than TDMs, but 
rely on the accuracy of the MD fields, we used an error of 0.5 cm-1 to reflect our relative confidence in the values. 
Despite not being derived from TDMs, we still refer to these values as Δ𝜈̅𝜈HB,TDM for simplicity. MOF Δ𝜈̅𝜈HB,MD values 
were originally obtained by inputting the average H-bond distance and angle information from ref. 65 into eq S1. 
For the nitriles in MOFs, we assume the nitrile H-bonding fraction is 100%. 
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Table S32. Compiled TDM- and MD-derived H-bond blueshifts using average H-bond distance and angle in Table 
S23 or Table S25. MOF nitrile H-bond distance and angle are from ref. 65. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a Values derived from ref. 5. 
b By assumption. 

  

Environment fprotic 

(%) eq S1 Output H-Bond 
Donor 

𝚫𝚫𝛎𝛎�HB,MD 
(cm-1) 

𝚫𝚫𝛎𝛎�HB,TDM 

(cm-1) 
F28oCNF 63.6% 25.4 Solvent 8.1 7 
F92oCNF 75.1% 29.1 Protein 21.9 21 
F96oCNF 25.0% 25.4 Solvent 2.9 2 

T103V 25.7% 23.2 Solvent 3.0 2 
I49T 33.5% 23.1 Solvent 3.9 2 

M100Q – 
19.7 (47.0%) Solvent 

7.6 7 
5.6 (53.0%) Protein 

M100E – 
24.2 (86.7%) Solvent 

11.7 7 
9.4 (13.3%) Protein 

M100D – 21.9 Solvent 11.0 8 
M100N – 22.5 Solvent 11.3 6 
M100H – 23.1 Solvent 11.6 8 

oTNmethanol – 23.7a Solvent 11.9 13 
oTNwater 81.8%a 25.8a Solvent 10.6 12 

Allylic Acid 
(AA) 

100%b 31.8 MOF 31.8 33.5 

Benzoic Acid 
(CPh) 

100%b 28.2 MOF 28.2 25.6 

Isophthalic 
Acid (DCPh) 

100%b 32.2 MOF 32.2 28.6 
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Alternative Approach to Obtain 𝛥𝛥𝜈̅𝜈HB,MD 

 MD- and TDM-derived H-bond blueshifts for P4-type nitriles had values between 11–12 cm-1 and 6–8      
cm-1, respectively (Table S32). Because these values have a larger difference than other MD- and TDM-derived 
shifts (Table S32), we were curious to understand the origin of the difference. To investigate this, we calculated 
Δ𝜈̅𝜈HB,MD for all nitrile-containing PYPs using a method which derives the blueshift by comparing the experimental 
frequency and the AMEOBA H-bonding median field (we used this method for previous comparisons of 
experimentally and computationally derived H-bond shifts5). Specifically, to facilitate comparisons with Δ𝜈̅𝜈HB,TDM, 
we used the best fit line in main text Figure 6C to convert the AMOEBA H-bonding and non-H-bonding fields to 
“TDM-derived” fields. These were then converted to frequencies using the oTN Stark tuning rate.1 For nitriles with 
one IR band, the observed frequency is equal to the fraction-weighted frequency. To derive Δ𝜈̅𝜈HB,MD, the predicted, 
MD protic band frequency was first obtained by manipulating this relationship for the experimental frequency 
(Table S6), the MD non-H-bonding frequency, and the MD H-bonding and non-H-bonding fractions. Then, Δ𝜈̅𝜈HB,MD 
was obtained by taking the difference of the predicted protic band frequency and the MD “TDM-derived” H-
bonding frequency and multiplying by the H-bonding fraction. For two-band nitriles, obtaining Δ𝜈̅𝜈HB,MD is simpler, 
as it is the difference between the experimental frequency (Table S8) and the “TDM-derived” H-bonding 
frequency. Values derived from this method are provided in Table S33. Δ𝜈̅𝜈HB,MD ranges from 6–8 cm-1 for the P4-
type nitriles, the same range as was observed for Δ𝜈̅𝜈HB,protic,TDM (Table S32). Moreover, the rest of the nitriles have 
very similar H-bond shifts to the values in Table S32. An alternative comparison of main text Figure 6D using these 
values is shown in Figure S44. 

Our analysis indicates the difference between Δ𝜈̅𝜈HB,protic,TDM and Δ𝜈̅𝜈HB,protic,MD values for P4-type nitriles 
comes from deviations in Δ𝜈̅𝜈HB,protic,MD, which are likely due to the assumption that MD-derived H-bond shifts can 
be obtained by halving values from eq S1 due to motional averaging.5 This assumption is violated in the case where 
the nitrile H-bonding and non-H-bonding exchange lifetimes are not equal, which may be the case for the P4-type 
nitriles. Unfortunately, we cannot investigate this further with our current MD outputs (see Section S13). 
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Table S33. H-bond blueshifts obtained by comparing AMOEBA-derived nitrile frequencies with experimental 
values (using Table S6 for single IR band nitriles and Table S8 for two band nitriles). 

 

  
Environment 𝚫𝚫𝝂𝝂�HB,MD 

(cm-1) 
F28oCNF 7.1 
F92oCNF 20.5 
F96oCNF 3.5 

T103V 3.5 
I49T 3.0 

M100Q 7.4 

M100E 
M100D 

7.4 
6.7 

M100N 6.8 
M100H 7.8 
M100E 7.4 

oTNmethanol 13.3 
oTNwater 11.5 
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Alternative H-Bond Blueshift Correlations 

 

Figure S44. Correlation between Δ𝜈̅𝜈HB,TDM and Δ𝜈̅𝜈HB,MD values for the alternative method of obtaining Δ𝜈̅𝜈HB,MD 
described above. Δ𝜈̅𝜈HB,TDM values are from Table S32 and Δ𝜈̅𝜈HB,MD values are from Table S33. The correlation 
coefficient squared and error-weighted line regression are shown in red with R2 = 0.99 and Δ𝜈̅𝜈HB,MD = (0.90 ± 0.03) 
Δ𝜈̅𝜈HB,TDM + (1.2 ± 0.3), respectively. The light blue region indicates the 2σ confidence interval. Downward-facing 
triangular symbols indicate blueshifts for individual protic populations, while non-downward-facing triangular 
symbols indicate blueshifts for averaged populations. 
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Figure S45. Correlation between Δ𝜈̅𝜈HB,TDM and Δ𝜈̅𝜈HB,MD values shown in Figure S44 with MOF data points65. The 
correlation coefficient squared and error-weighted line regression are shown in red with R2 = 0.98 and Δ𝜈̅𝜈HB,MD = 
(1.02 ± 0.01) Δ𝜈̅𝜈HB,TDM + (0.5 ± 0.3), respectively. The light blue region indicates the 2σ confidence interval. 
Downward-facing triangular symbols indicate blueshifts for individual protic populations, while non-downward-
facing triangular symbols indicate blueshifts for averaged populations.  
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S12 Implications from this Study 

Reinterpreting Issues of the AMBER Force Field to Recapitulate TDM-Derived Electric Fields 

With our new understanding that AMOEBA correctly simulates nitrile H-bonding environments because it 
properly models thermodynamic and kinetic parameters in both fast and slow H-bonding exchange settings, we 
briefly return to our benchmarking study of the original PYP variants to better understand why AMBER could not 
recapitulate nitrile electric fields in H-bonding envrironments.17 Specifically, we investigated AMBER kinetics and 
thermodynamics of noncovalent interactions in those settings by comparing the H-bonding fractions and electric 
fields for the nitriles with some H-bonding, i.e., F28oCNF, F92oCNF, and F96oCNF. Using the fractions and fields 
for AMOEBA from main text Table 2 and for AMBER from Table 2 in ref. 17, we found that the AMBER fractions are 
0.1 – 0.8 fold smaller than the AMOEBA fractions, and the AMBER fields are 0.4 – 0.5 fold smaller than the AMOEBA 
fields. If AMBER’s kinetics for nitrile H-bonding environments were properly modeled, we would expect the 
fractions to be comparable to AMOEBA’s, and if the thermodynamics were well-modeled, we would expect the 
fields to be approximately ¾’s of the AMOEBA fields (see Figure S19 in ref. 17). The comparisons imply that AMBER 
can misrepresent kinetics or thermodynamics for H-bonding nitriles, where the extent of incorrectness depends 
on the specific context. This finding suggests it may be difficult to make simple modifications to AMBER to better 
model interactions for nitrile probes. 

 

On the Accessibility and Potential of the AMOEBA Force Field 

 Polarizable force fields like AMOEBA have generally been less utilized due to their computational cost and 
the complexity of their implementation.69 However, recent advances have sought to ameliorate these issues.70–72 
For AMOEBA specifically, the Tinker and OpenMM platforms which run the force field have integrated GPUs,15,73,74 
and new software like TinkerModeller facilitate the conversion of MD input files from classical to polarizable force 
fields.75 With these tools, AMOEBA simulations are more accessible, and they routinely reach the hundreds of 
nanoseconds to microseconds timescale for small to medium sized proteins.76–80 As a case in point, we have 
cumulatively simulated over 2.5 microseconds of MD for the nitrile-containing PYPs on Tinker9,15 and recent 
studies have collected over 5 and 25 microseconds of AMOEBA data on Tinker-HP.74,81–83 In addition to the nitrile 
fields and H-bond blueshifts studied here and previously,5,17 the utilization of AMOEBA has been found necessary 
for recapitulating experimental observables in proteins like electric fields at enzyme active sites,84,85 binding free 
energies,86–88 NMR chemical shifts89 and relaxation parameters,90 pKa values,91–93 and ion channel 
conductances,76,94 among others, highlighting its capabilities. 
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S13 Nitrile Non-H-Bonding/H-Bonding State Residence Times: Attempting to Predict Chemical 
Exchange Regimes 

 

Figure S46. Frequency of residence times in MD of the non-H-bonding (circles) and H-bonding states (squares) for 
(A/B) F96oCNF, (C/D) T103V, and (E/F) I49T. Fit parameters from two-phase exponentials are shown in Table S34. 
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Figure S47. Frequency of residence times in MD of the non-H-bonding (circles) and H-bonding states (squares) for 
(A/B) M100E, (C/D) M100Q, and (E/F) M100D. Fit parameters from two-phase exponentials are shown in Table 
S34. 
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Figure S48. Frequency of residence times in MD of the non-H-bonding (circles) and H-bonding states (squares) for 
(A/B) M100N, (C/D) M100K, and (E/F) M100H. Fit parameters from two-phase exponentials are shown in Table 
S34. 
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Fitting Nitrile Non-H-Bonding/H-Bonding State Lifetimes 

Single or double decaying exponentials fits to the plots in Figures S46–S48 have the form:  

𝑐𝑐 = 𝐴𝐴1𝑒𝑒𝑒𝑒𝑒𝑒 �
−𝑡𝑡𝑟𝑟
𝜏𝜏1
� + 𝐴𝐴2𝑒𝑒𝑒𝑒𝑒𝑒 �

−𝑡𝑡𝑟𝑟
𝜏𝜏2

� 

where c is the number of counts, tr is the residence time, and A1/A2 and τ1/τ2 are the amplitudes and lifetimes, 
respectively, of the first and second exponentials. The fitting coefficients for F96oCNF and mutants are provided 
in Table S34. Note that MD frames were output every 10 ps, a consequence of the longer simulation times needed 
to sample the protein degrees of freedom. 

 While we expected to find that P1-type and P2-type nitriles would have different state lifetimes on 
average compared with P3-type and P4-type nitriles (particularly with respect to the fast lifetime component), a 
survey of Table S34 does not indicate this. We do not attribute this to the simulations’ inability to distinguish 
between nitriles in various exchange regimes, but rather to the 10 ps spacing between saved coordinates, which 
functionally blinds us from discerning lifetimes much shorter than that interval. This attribution is supported by 
our recent work where 2 ns aggregate AMOEBA simulations for F28oCNF and oTN in water and methanol were 
carried out with data saved every 20 fs:5 this strategy enabled the recapitulation of IR lineshapes from the MD 
simulations using the fluctuating frequency approximation.68,95 As the nitriles in F28oCNF and oTN in water are in 
fast exchange while oTN’s nitrile in methanol is in a relatively slower exchange regime (evidenced by the presence 
of two bands in main text Figure 5), it appears that AMOEBA can properly model nitrile H-bonding/non-H-bonding 
states with variable lifetimes if the outputs are saved frequently enough (i.e., approximately every 10 to 100 fs96–

98). Consequently, a more rigorous analysis of the lifetimes for the nitriles in F96oCNF and the mutants would 
require rerunning MD simulations and adopting an analogous strategy, which is outside the scope of this work.  
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Table S34. Parameters from exponential fits for non-H-bonding and H-bonding nitrile populations. 

a The lifetime of the first component is small enough that the amplitude and lifetime cannot be meaningfully 
determined. Values provided are for the fit shown in Figure S48. 

  

PYP 
Construct State A1 τ1 (ps) A2 τ2 (ps) 

F96oCNF Non-H-Bonding 1664 ± 15 13.7 ± 0.3 129 ± 13 72.6 ± 0.5 

F96oCNF H-Bonding 3983 ± 153 6.0 ± 0.4 1168 ± 144 17.6 ± 0.8 

T103V Non-H-Bonding 1642 ± 32 9.9 ± 0.3 219 ± 23 46.9 ± 3.0 

T103V H-Bonding 3509 ± 63 5.9 ± 0.1 526 ± 14 27.2 ± 0.4 

I49T Non-H-Bonding 2801 ± 46 8.3 ± 0.2 215 ± 14 50.7 ± 2.2 

I49T H-Bonding 3504 ± 134 5.6 ± 0.2 675 ± 24 27.3 ± 0.5 

M100Q  Non-H-Bonding 4019 ± 45 8.4 ± 0.2 1070 ± 81 24.4 ± 0.5 

M100Q  H-Bonding 3315 ± 36 11.0 ± 0.2 697 ± 50 28.9 ± 0.8 

M100E Non-H-Bonding 4565 ± 81 6.9 ± 0.2 1417 ± 81 22.1 ± 0.5 

M100E H-Bonding 3206 ± 29 10.2 ± 0.2 726 ± 46 31.6 ± 0.9 

M100D Non-H-Bonding 3064 ± 44 11.7 ± 0.3 543 ± 65 37.2 ± 2.1 

M100D H-Bonding 3720 ± 257 8.8 ± 0.5 1711 ± 329 17.9 ± 0.9 

M100N Non-H-Bonding 3002 ± 86 11.9 ± 0.4 707 ± 113 30.4 ± 1.8 

M100Na H-Bonding 
3.2 x 107 ± 7.2 x 

1010 
0.9 ± 177 2908 ± 85 17.1 ± 0.2 

M100K Non-H-Bonding 1393 ± 25 11.0 ± 0.4 204 ± 17 57.5 ± 3.2 

M100K H-Bonding 15158 ± 3359 3.1 ± 0.3 1259 ± 44 16.2 ± 0.3 

M100H Non-H-Bonding 4141 ± 10 9.9 ± 0.1 392 ± 35 35.4 ± 1.6 

M100H H-Bonding 8563 ± 4223 3.4 ± 0.6 2088 ± 74 19.4 ± 0.3 
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