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Abstract

Transient protein complexes are crucial for sustaining dynamic cellular processes. The complexes 

of electron-transfer proteins are a notable example, such as those formed by plastocyanin (Pc) and 

cytochrome f (cyt f) in the photosynthetic apparatus. The dynamic and heterogeneous nature of 

these complexes, however, makes their study challenging. To better elucidate the complex of 

Nostoc Pc and cyt f, 2D-IR spectroscopy coupled to site-specific labeling with cyanophenylalanine 

infrared (IR) probes was employed to characterize how the local environments at sites along the 

surface of Pc were impacted by cyt f binding. The results indicate that Pc most substantially 

engages with cyt f via the hydrophobic patch around the copper redox site. Complexation with cyt 

f led to an increase in inhomogeneous broadening of the probe absorptions, reflective of increased 

heterogeneity of interactions with their environment. Notably, most of the underlying states 

interconverted very rapidly (1 to 2 ps), suggesting a complex with a highly mobile interface. The 

data support a model of the complex consisting of a large population of an encounter complex. 

Additionally, the study demonstrates the application of 2D-IR spectroscopy with site-specifically 

introduced probes to reveal new quantitative insight about dynamic biochemical systems.
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INTRODUCTION

Protein−protein interactions underlie all cellular processes. Some proteins form tightly 

associated, well-defined complexes, well captured by crystal structures. However, many 

others must interact with their partners with lower affinity to form transient complexes so as 

to ensure rapid turnover in their cellular function.1,2 Dynamic complexes, for example, are 

formed by recognition domains for fast response in signaling networks and by electron-

transfer (ET) proteins for mediating efficient electron transport in diverse processes, 

including photosynthesis and respiration.3–5 The dynamic nature makes these protein 

complexes more challenging to investigate and describe, hindering the development of a 

complete mechanistic understanding of their function.

A dynamic complex of central importance in photosynthesis forms between ET partners 

plastocyanin (Pc) and cytochrome f (cyt f).6,7 Pc is a small, soluble protein with a type-I 

copper site that functions as an electron shuttle from the cytochrome b6 f complex to 

photosystem I (Figure 1). Cyt f has a short C-terminal tail that anchors it to the thylakoid 

membrane, but the majority is a soluble protein that consists of an elongated structure of two 

domains, the larger of which contains a heme cofactor. Pc and cyt f must sufficiently engage 

to bring the redox centers in proximity to ensure the efficient transfer of electrons yet 

transiently to maintain the redox flux in photosynthesis. The interactions formed in such 

protein−protein complexes must be specific but highly dynamic.

In general, any mechanism of protein molecular recognition involves the initial approach of 

proteins to form an encounter complex, a loosely associated state that potentially includes a 

range of protein−protein orientations.9 For high-affinity complexes, this step is followed by 

the evolution of the ensemble into a single, well-defined complex. However, transient 

protein complexes, such as those formed by Pc and cyt f, are thought to exist as an ensemble 

that can contain a large population of a loosely bound state akin to the encounter complex.
4,10,11 This population is in rapid exchange with a more well-defined state that is presumably 

more optimal for ET.

Whereas this model generally describes the recognition of Pc and cyt f, the exact nature of 

their complexes and critical molecular interactions remains under question and, furthermore, 

varies among species.4,7,12–14 The complexes can be stabilized by two regions of the 

proteins (Figure 1). A set of nonpolar residues surrounds the redox cofactors of both proteins 
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creating “hydrophobic patches”. The proteins also can contain “electrostatic patches” 

formed by clusters of charged residues. How these regions are variably involved in forming 

the complexes of Pc and cyt f homologues has been under investigation, primarily through 

the analysis of ET kinetics and mapping of the interactions by nuclear magnetic resonance 

(NMR) spectroscopy.13,15–21 Electrostatic interactions contribute to the binding of plant, 

algal, and some cyanobacterial proteins; however, the charge complementarity of Pc and cyt 

f is species-dependent. For example, Pc and cyt f of Nostoc sp. PCC7119 cyanobacteria are 

positively and negatively charged, respectively, whereas the plant proteins display the 

opposite charge complementarity.15,20,22 For these homologues, the models of the 

complexes derived from NMR spectroscopy, exhibit extensive contact involving both the 

hydrophobic patch at the “head” and the electrostatic patch at the “side” of Pc.13,15,23,24 At 

another extreme, the proteins from some cyanobacteria, such as Phormidium laminosum, 

lack significant electrostatic patches, and the binding is exclusively mediated via 

hydrophobic interactions in a head-on manner.16

Along with the disparate stabilizing interactions and engagement, homologous complexes of 

Pc and cyt f also show diversity in the nature of their bound states, the extent the ensembles 

populate encounter or well-defined complexes. Whereas our understanding of the ensembles 

is limited, NMR paramagnetic relaxation (PRE) spectroscopy in combination with ensemble 

modeling has provided insight into their heterogeneous and varying composition.13,23–26 A 

large population of encounter complex appears to be populated by the cyanobacterial 

homologues of P. laminosum and Prochlorothrix hollandica, which lack stabilizing 

electrostatic interactions, compared with the complexes of proteins with electrostatic 

complementarity, such as the plant and algal proteins.16,27 However, Nostoc Pc and cyt f 
have electrostatic complementarity but nevertheless appear to form a highly dynamic 

complex consisting of a large population of encounter state.24 Unfortunately, the available 

experimental data are insufficient to completely define the complex. Not only is the complex 

a heterogeneous ensemble but also a challenge arises from the fast time scales of 

interconversion between the free state and the encounter complex and between the encounter 

complex and the well-defined state, as both processes are rapid on the NMR time scale. The 

investigation of these dynamic complexes would be facilitated by complement with 

experimental approaches with faster inherent time scales.

Infrared spectroscopy has emerged as a powerful tool for the study of proteins and their 

dynamics due to its potential for excellent spatial and temporal resolution. To avoid the 

problem of spectral congestion, the approach may be combined with the site-specific 

incorporation of vibrational groups that have infrared (IR) absorptions in a transparent 

frequency window of a protein IR spectrum, thereby enabling the characterization of specific 

local environments and dynamics in proteins.28–30 The frequency, line width, and number of 

unique bands of the IR probes report on the nature, heterogeneity, and number, respectively, 

of the environments surrounding the probe. Two-dimensional (2D) IR spectroscopy enables 

the measurement of the inhomogeneity of the probe frequencies, which affords a more 

rigorous measure of local heterogeneity.31,32 Moreover, time-dependent 2D-IR experiments 

can follow in real time the dynamics among the frequency distribution (spectral diffusion), 

providing a direct measure of the dynamics of the interaction of the probe with its 

environment.33–39
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We applied 1D and 2D spectroscopy in combination with site-selective labeling with IR 

probes toward better understanding the complexes formed between Pc and cyt f from Nostoc 
cyanobacteria. Nitrile IR probes were introduced by the selective incorporation of 

cyanophenylalanine (CNF) via amber suppression at three distinct locations in Pc (Figure 1). 

One probe was placed at the head of Pc in the hydrophobic patch surrounding the copper 

redox site (CNF36), another was placed at the side of Pc in the electrostatic patch (CNF88), 

and the last was placed in a loop between two of the copper ligands (Cys89 and His91) 

located at the border of the hydrophobic and electrostatic patches (CNF90). The IR spectra 

of the CNF probes uncovered variation in the local environments along the surface of Pc and 

in the impact from binding with cyt f. Additionally, 2D-IR spectroscopy indicated a 

substantial increase in the inhomogeneity of the environments of the probes in the complex, 

reflective of heterogeneous interactions with the surface of cyt f. Interestingly, the majority 

of the states in the bound complex nonetheless interconverted on very rapid (1 to 2 ps) time 

scales, providing evidence of a large population of the encounter complex with a highly 

mobile protein−protein interface.

MATERIALS AND METHODS

Preparation and Characterization of cyt f and Pc Variants.

cyt f and wild-type Pc were expressed and purified as previously described with some 

modifications.40 As in the previous biophysical studies of cyt f,20,21,41 the truncated 

construct lacking the transmembrane helix was used for its higher solubility. CNF 

incorporation at three distinct locations of Pc was achieved in vivo using the amber codon 

suppressor method.42 The proteins were characterized by mass spectrometry, circular 

dichroism (CD) spectroscopy, and UV−visible spectroscopy. Binding constants (KD) for 

each Pc variant to cyt f were determined via a fluorescence assay. Details regarding protein 

preparation and characterization are provided in the Supporting Information.

Sample Preparation for 1D -and 2D-IR Spectroscopy.

Purified Pc variants and cyt f were exchanged into 1 mM sodium phosphate, pH 6.8. For FT-

IR spectroscopy, samples of the free Pc were prepared at 2 mM, whereas samples of the cyt f 
complex were prepared at concentrations expected to result in >92% bound Pc for all 

variants on the basis of the measured KD values. FT-IR samples were sealed between two 

CaF2 windows separated by a 38.1 μm spacer. For 2D-IR spectroscopy, samples of free Pc 

were prepared at concentrations of 3.2 to 4.8 mM and sealed between two CaF2 windows 

separated by a 127 or 76 μm spacer. Samples of the Pc and cyt f complex for 2D-IR 

spectroscopy were prepared with cyt f at concentrations expected to result in ∼94% bound 

Pc for all variants on the basis of the measured KD values. All 2D-IR samples of the Pc-cyt f 
complex were sealed between two CaF2 windows separated by a 76 μm spacer. More details 

regarding sample preparation can be found in the Supporting Information.

1D- and 2D-IR Spectroscopy.

FT-IR spectra were collected on an Agilent Cary 670 FT-IR spectrometer using a liquid-N2-

cooled mercury−cadmium−telluride (MCT) detector. Details regarding spectral acquisition 

and processing are provided in the Supporting Information. A residual slowly varying 
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baseline in the absorption spectra was removed by fitting a polynomial to a spectral region 

excluding the CN absorption bands (MATLAB 7.8.0). The absorption bands of the baseline-

corrected spectra were then fit to Gaussian functions to determine the center frequencies and 

line widths (Figure 2, Table 1).

2D-IR spectroscopy was conducted as previously described.43–45 In brief, a Ti:sapphire 

oscillator/regenerative amplifier (Spectra Physics) producing ∼75 fs pulses centered at 800 

nm with 1 kHz repetition rate was used to pump a home-built optical parametric amplifier to 

generate the ∼170 fs pulses centered at 2225 cm−1 (80 cm−1 fwhm) used in the experiments. 

2D-IR experiments were performed in the conventional BOXCARS geometry, and 2D-IR 

spectra were generated as previously reported. Additional experimental details are available 

in the Supporting Information.

2D-IR spectroscopy provides correlation spectra that associate the initial (ωτ) and final (ωm) 

frequencies of the CNF probes within the ensemble measured with a time separation, the 

waiting time (Tw) (Figure 3). At the shortest Tw values, the 2D bands appear elongated 

along the diagonal, reflecting the high correlation between the frequency axes because the 

system has not had time to significantly evolve. With increasing Tw, the bands become less 

elongated as amplitude grows in off the diagonal, reflecting that part of the distribution of 

underlying microstates experienced by the CNF has interconverted during Tw. The evolution 

of the 2D lineshapes of the CNF probe with increasing Tw follows its spectral dynamics 

(spectral diffusion), which can be described by frequency−frequency correlation functions 

(FFCFs). The FFCF was extracted from the 2D data via center line slope (CLS) analysis of 

the 2D lineshapes. The CLS decay curves (Figure 4) approximate the normalized 

inhomogeneous contribution to the FFCF; combined fitting of the CLS decay and the linear 

spectra yield the full FFCFs.46

The FFCFs were analyzed according to the Kubo model using the equation47

FFCF = δ t
T2

+ Δ1
2e

−t /τ1 + ΔS
2

The latter two terms describe the dynamics among the inhomogeneous distribution of 

frequencies underlying the absorption bands. The inhomogeneous dynamics are separated 

into two time scales, where Δ1
2 is the variance in frequencies sampled on the faster time 

scale, τ1, and the static term, ΔS
2, is the variance in frequencies sampled more slowly than the 

experimental time window. The first term, δ(t)/T2, where 1/T2 = 1/T2 * + 1/2T1 , accounts 

for the homogeneous contribution to the FFCF. T1 is the vibrational lifetime, which was 

previously measured to be 4.2 ps.45 The pure dephasing time, T2* = Δ2τ
−1

, describes very 

fast fluctuations that are in the motionally narrowed limit on the IR time scale, where the 

frequency amplitude and time scale cannot be separated (Δτ ≪ 1). The homogeneous 

dynamics lead to a Lorentzian contribution to the line shape, Γ* = 1/πT2*.
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RESULTS

Preparation and Characterization of CNF-Labeled Pc.

To introduce frequency-resolved IR probes in Pc, CNF was selectively incorporated via 

amber suppression.42 The sites of labeling were selected to probe Nostoc Pc at two regions, 

the hydrophobic and electrostatic patches, which prior studies implicate in the binding of Pc 

to cyt f.20,23 A native tyrosine (Tyr88) is located near the electrostatic patch next to Arg93, a 

residue previously shown to facilitate ET with cyt f via electrostatic interactions.18 The 

substitution of CNF88 for a tyrosine was expected to be minimally perturbative, and it 

enabled the investigation of the interaction with cyt f along the side of Pc. We then consulted 

prior studies of homologous sequence analysis to identify nonconserved residues in Pc as 

candidates for probe placement.48 The substitution of Val36 with CNF36 introduced an IR 

probe along a series of nonpolar residues surrounding the copper site that form the 

hydrophobic patch. CNF36 enabled investigation of the interaction with cyt f at the head of 

Pc. Finally, CNF was introduced at Glu90, located at the edge of the head of Pc near the 

boundary of the hydrophobic and electrostatic patches. We note that this substitution 

removed a negatively charged residue. Although not desirable, the substitution was 

anticipated to enhance rather than weaken the electrostatic interaction of the positively 

charged Pc with the negatively charged cyt f of Nostoc cyanobacteria, and, as expected, the 

CNF90 Pc showed higher affinity for cyt f (vide infra). Unfortunately, in comparison with 

our experience with other proteins (e.g., cytochrome P450cam and SH3 domains),49,50 we 

found that Pc was less amenable to labeling with CNF via amber suppression. Constructs 

were made to incorporate CNF at 10 additional sites in Pc, but initial efforts to screen 

expression obtained no or misfolded protein, and thus more comprehensive labeling will 

require additional optimization of expression conditions.

Each Pc variant was characterized for potential perturbation from CNF incorporation. UV

−visible CD and absorption spectroscopy confirmed that no perturbation occurred to the 

secondary structure or copper site (Figures S2 and S3), respectively. The affinity of each 

protein for cyt f was assessed by monitoring the change in fluorescence of cyt f upon 

titration with increasing concentration of Pc (Figure S5). The KD for binding cyt f of 70 ± 10 

μM determined for the wild-type Pc was in agreement with previously reported values.
13,23,25 The KD of 50 ± 10 μM for binding of CNF36 Pc and cyt f was measured to be only 

slightly smaller than the wild-type, indicating no substantial perturbation to the complex by 

probe incorporation. In comparison, CNF88 and CNF90 incorporation more significantly 

increased the affinity for cyt f (KD values of 10 ± 6 μM and 1.2 ± 1.1 μM, respectively). The 

higher affinity resulting from the replacement of the negatively charged glutamate residue by 

CNF90 is consistent with prior mutagenesis studies that implicated electrostatic interactions 

in stabilizing Nostoc Pc-cyt f binding.18,20 In contrast, the increased affinity of CNF88 for 

Pc was more surprising, as mutation of this residue to alanine or phenylalanine has no effect 

on ET kinetics.18 Although the potential influence of the CNF probes on the complex should 

be kept in mind, we nonetheless could use the determined KD values to prepare samples at 

Pc and cyt f concentrations expected to ensure a ∼94% shift of the Pc population to the 

bound complex.
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FT-IR Spectroscopy.

FT-IR spectroscopy was applied first to each CNF in the free protein to investigate the 

variation in the environments along the surface of Pc. For all proteins, the IR spectra showed 

absorption bands for the CN stretch with center frequencies from 2235.2 to 2238.4 cm−1 

(Figure 2, Table 1), similar to that of free amino acid in solution (2236.7 cm−1). The 

frequency of a CN probe is sensitive to both long-range electrostatic interactions and short-

range interactions such as hydrogen bonding (H bonding) and repulsion due to close 

packing.51–54 The relatively high frequencies observed for the CNF in the Pc and aqueous 

solution are consistent with a polar environment and participation in H bonding, as expected 

for solvent-exposed residues along the protein surface. Although the frequencies of all were 

generally high, they varied substantially among the sites and in a manner reflective of their 

local environment. Of the probes, CNF36 within the hydrophobic patch showed the lowest 

frequency, indicative of a relatively nonpolar environment with reduced H bonding. At the 

other extreme, CNF88 within the electrostatic patch showed the highest frequency, whereas 

CNF90 at the junction of the hydrophobic and electrostatic patches showed intermediate 

frequency. For both CNF88 and CNF90, the frequencies were even higher than those found 

in aqueous solution, where blue-shifting from H bonding to water is likely as or more 

extensive, implying that the solvatochromism of the CN also involves substantial 

contributions from electrostatic or electronic repulsion from their local environments.

To investigate the involvement of each CNF in binding to cyt f, the Pc variants were next 

characterized in the complex. For all sites, the CN absorption shifted to lower frequency 

upon binding cyt f, indicative of a less polar environment or reduction in H bonding. The 

degree of the change, however, differed among them. The absorption of CNF36 was most 

highly impacted (shifting by 3 cm−1), indicating substantial changes to the environment at 

the hydrophobic patch of Pc. In comparison, the absorption of CNF90 was only moderately 

affected (1 cm−1), and that of CNF88 was even less so (0.6 cm−1). In addition to shifting the 

CN frequency, binding cyt f led to broader absorption line widths for all sites. The line-

width broadening is consistent with greater heterogeneity in the environment experienced by 

a CN probe; however, the inhomogeneous line width that reflects the heterogeneous 

frequency distribution is convoluted with homogeneous line-broadening mechanisms in the 

linear IR spectra. 2D-IR spectroscopy was employed to better elucidate the spectral 

broadening as well as measure the dynamics among the inhomogeneous distribution.

2D-IR Spectroscopy.

Time-dependent 2D-IR spectra of the free Pc and complex with cyt f (Figure 3) were 

acquired and analyzed to obtain FFCFs of each CNF (Table 1, Figure 4). The FFCFs provide 

richer insight into the contributions to the line broadening of the CN absorptions. 

Specifically, our analysis deconvoluted the contribution from motions that are very fast on 

the IR time scale (homogeneous broadening) and those that result from the distribution of 

microenvironments experienced by the CN probe in the sample ensemble (inhomogeneous 

broadening). In addition, the FFCFs provided the time scales over which the inhomogeneous 

distribution of states interconverts and thus information about the dynamics of the 

interaction of the CN with its environment.
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The FFCFs measured for the Pc variants captured dynamics on three distinct time scales: 

very fast homogeneous dynamics (Γ*), inhomogeneous dynamics on the 1 to 2 ps time scale 

(Δ1), and inhomogeneous dynamics slower than the experimental time window (ΔS) (Table 

1). Although the FFCFs for the Pc variants exhibited similar time scales, they also revealed 

site-specific differences both among the free proteins and in the effects of cyt f binding. For 

free Pc, the FFCF of CNF88 was essentially the same as that for an aqueous solution of the 

amino acid. In comparison, the FFCF of CNF90 was distinct in showing greater 

homogeneous broadening and a smaller inhomogeneous contribution associated with the 1.2 

ps dynamics (Δ1). This observation indicates a relatively high contribution to the line 

broadening from states with interconversion in the fast as opposed to slow exchange regime 

of IR spectroscopy and is suggestive of overall faster dynamics on the few picoseconds and 

shorter time scale. Finally, the FFCF of CNF36 showed the largest inhomogeneous 

broadening, associated with both rapidly and slowly interconverting states, indicative of 

overall greater heterogeneity.

To next assess the involvement of each site in binding to cyt f, the FFCFs at each CNF for 

the complexes with cyt f were compared with those for the free proteins (Table 1). CNF36 

and CNF90 were most highly impacted by cyt f binding. For both probes, the value of the 

CLS derived from the 2D spectrum at the shortest Tw became much larger in the complex 

(Figure 4). This result reflects a decrease in homogeneous broadening and a large increase in 

inhomogeneous broadening, which indicates a large increase in the heterogeneity of the 

environment of both CNF36 and CNF90 when in the complex. Although the increased 

inhomogeneity was sampled on both fast and slow time scales, a larger contribution was 

associated with rapidly interconverting states (Δ1) (Figure 5). In comparison with CNF36 

and CNF90, the FFCF for CNF88 was less sensitive to cyt f binding but also showed a small 

increase in inhomogeneity, reflecting the greater heterogeneity of interactions with its 

environment. For CNF88, unlike the other two sites, cyt f binding resulted in an increase in 

homogeneous broadening and a faster time scale of inhomogeneous dynamics, suggestive of 

overall faster dynamics on the few picoseconds and shorter time scale. These observations 

could arise from perturbation to the surrounding water dynamics or proximity of fluctuating 

charged residues of cyt f.

DISCUSSION

FT-IR and 2D-IR spectroscopy of the site-specifically incorporated CNF probes enabled the 

characterization of the distinct local environments along the surface of Pc. The average 

absorption frequencies of the probes reflected the polarity and H-bonding capability of their 

surrounding environments in the hydrophobic or electrostatic regions of the Pc surface. The 

inhomogeneity and dynamics measured by 2D-IR spectroscopy also revealed differences in 

the heterogeneity and motion. CNF36 showed the largest heterogeneity, which reasonably 

could result from the probe’s significant exposure to both polar solvent and nearby nonpolar 

residues in the environment of the hydrophobic patch. In contrast, CNF90 showed overall 

faster dynamics on the few picoseconds and shorter time scale. Such fast time scales are 

suggestive of water or small-scale side-chain dynamics uniquely sensed at CNF90,55,56 

which could arise from the particular environment near the junction of the hydrophobic and 

electrostatic surfaces. CNF88 showed heterogeneity and dynamics similar to the amino acid 
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in aqueous solution, indicating that its environment in the electrostatic patch is most like that 

of mobile water. Altogether, the linear and 2D data illuminate the complex, heterogeneous 

surface of Pc.

Furthermore, the linear and 2D-IR data reveal the sitespecific sensitivity of the probes to 

association with cyt f that provides evidence of variable involvement along the surface of Pc 

in the complex. The induced changes in the average absorption frequency and frequency 

inhomogeneity were larger for CNF36 and CNF90 in comparison with CNF88, implying 

that complexation with cyt f more strongly impacts their locations. These results suggest that 

Pc engages with cyt f more substantially via the hydrophobic than the electrostatic patch and 

support a model of the complex in which the head of Pc more appreciably contacts cyt f. In 

such a complex, longer-range electrostatic forces involving the electrostatic side of Pc could 

stabilize the complex with cyt f while not necessarily entailing significant perturbation to the 

Pc surface. This interpretation is consistent with our understanding of the Nostoc protein 

complex derived from NMR spectroscopy.21,23 Both CNF36 and CNF90 are among a series 

of residues along the head of Pc with amide backbone resonances that show the large 

chemical shift perturbation and pseudocontact shifts (PCSs) from interaction with the 

paramagnetic heme or spin labels placed on cyt f.21,23 In contrast, the backbone NMR 

resonances and the present IR data for CNF88 are less affected by cyt f binding. In addition, 

previous studies found that the mutation of Y88 to alanine or phenylalanine does not affect 

ET kinetics, but substitution of surrounding residues to remove the positive charge does,18 

supporting the involvement of the region primarily via longer-range electrostatic 

interactions.

The increase in inhomogeneity for all probes in the complex with cyt f indicates that the 

surface of Pc experiences greater heterogeneity upon interaction with its binding partner. 

Surprisingly, the increased inhomogeneity was mostly associated with states that 

interconvert on the 1 to 2 ps time scale (Δ1), not with states that interconvert slowly (ΔS) 

(Figure 5), as anticipated for strong interactions formed within a tightly engaged surface. 

This behavior is apparent qualitatively from an inspection of the CLS curves for CNF36 and 

CNF90 shown in Figure 4. The values of the CLS for these probes at the earliest Tw (0.25 

ps) increased dramatically in the complexes, indicative of greater inhomogeneity, but the 

CLS curves still decayed rapidly, showing that the heterogeneity is rapidly sampled. At the 

longest Tw in the experimental time window, the CLS values were only slightly larger for 

the complexes than the free proteins, implying similar inhomogeneity from slowly 

interconverting states. These results are unusual when compared with our and others’ 

previous 2D-IR studies of CNF and other IR probes incorporated into proteins, which 

typically find large effects to the slowest or static component of the FFCFs arising from 

sensitivity to the slow motions in proteins.33–39 For example, CNF probes placed within the 

HP35 peptide report a large increase in inhomogeneity from slowly interconverting states 

when the peptide folds into a domain.33 Similarly, site-specific CNF probes placed along the 

surface of a SRC-homology-3 domain to characterize its association with a peptide ligand 

showed inhomogeneity from slowly interconverting states the most substantially impacted.34 

Studies that employed IR probes other than CNF report similar findings. For example, 

azidohomoalanine probes incorporated along a peptide ligand of a PDZ domain show 

increased inhomogeneity associated with slow dynamics induced by protein−ligand 
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association.35 Upon the incorporation into lysozyme, metal carbonyl side-chain probes show 

a large increase in static inhomogeneity attributed to slower protein motion,36 which further 

increases upon the addition of protein-crowding agents.37 Similarly, substantial variation in 

inhomogeneity with slow dynamics is observed for enzyme complexes using ligand-based 

IR probes, such as the azide ion and azido-functionalized cofactor analogs.38,39 In contrast, 

the increase in inhomogeneity found for the CNF probes of Pc in the complex with cyt f was 

mostly associated with fast dynamics. This implies that in the complex the probes 

experience an increase in heterogeneity of states that interconverts rapidly. This finding 

seems inconsistent with a bound complex involving a tightly engaged protein−protein 

interface but rather supports a model consisting of a substantial population in which the 

surface retains a layer of mobile water or the side chains remain highly mobile.

A possible explanation for the rapid dynamics found in the bound complex is that the 

ensemble consists of a large population of a loosely associated state, an encounter complex, 

as has been proposed from previous NMR studies.13,24 Ensemble modeling of the Nostoc 
Pc-cyt f complex with constraints from NMR PRE measurements was not consistent with 

the population of a single, well-defined state. In addition, similar maps of PCSs were 

obtained for Pc when spin labels were placed at disparate sites of cyt f, indicating diffuse 

areas of contact. However, our understanding of the complex remains limited. The 

heterogeneous ensemble of the encounter complex involves many states that rapidly 

interconvert, and not only does such complexity present an inherent challenge for 

investigation but also NMR spectroscopy provides information only about the population-

weighted average of such dynamic states. In comparison, the well-defined state, the 

encounter complex, and the states that make up the encounter complex are expected to 

interconvert slowly on the IR time scale (ps), such that they lead to frequency 

inhomogeneity, as found for the CNF probes in Pc. Whereas the increase in inhomogeneity 

measured upon binding to cyt f was variable among the CNF probes, it is notable that for all 

probes the magnitude of the change associated with rapid dynamics was about three times 

greater than that associated with slow dynamics (Figure 5). Although the dynamics at each 

probe might arise from motions of the interactions particular to its environment, the 

equivalence of the relative increases in the inhomogeneous components for all of the probes 

suggests that they might inform generally about the populations of states adopted by the 

bound complex. As an exercise to gain insight into the composition of the ensemble, we 

assume that the surface remains highly mobile in an encounter complex, whereas it becomes 

restricted in a well-defined state. We then consider the total increase in frequency 

inhomogeneity to reflect the total increase in heterogeneity upon complexation and attribute 

the part of the inhomogeneity with rapid dynamics to the population of the encounter state 

and that with slow dynamics to a well-defined, specific state. Such analysis yields a rough 

estimate of 75% of the bound complex populating the encounter state. This estimate is likely 

to be a lower limit, as the encounter and well-defined states themselves are also expected to 

lead to inhomogeneity that interconverts very slowly relative to the 2D-IR time window.

Despite the simplistic analysis, the 2D-IR data support the notion that the population of the 

encounter complex for Nostoc Pc and cyt f is very large. Other ET partners similarly show a 

large population of the encounter complex. For example, an exclusive population of an 

encounter complex is observed for some ET proteins, such as for adrenodoxin and 
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cytochrome P450 and for myoglobin and cytochrome b5.57,58 Our previous study of 

cytochrome P450cam and putidaredoxin measured a state with 25% population that we 

interpreted as an encounter complex.59 An estimated 30% population of the complex of 

cytochrome c and cytochrome c peroxidase is attributed to the encounter complex and as 

much as 80% population for mutated proteins.60,61 NMR studies indicate that the Pc/cyt f 
complex of P. laminosum is even more dynamic than that formed by the Nostoc proteins, 

which is suggestive of an even higher population of encounter complex.13,16 The loosely 

engaged states historically were thought to be stabilized by electrostatic interactions;4,9 

however, the P. laminosum proteins lack charge complementarity. In addition, more recent 

NMR and modeling studies of the Nostoc homologues have concluded that consideration of 

electrostatic interactions is not sufficient to describe the encounter complex.21,24 Our 

observation that the probes at the hydrophobic head of Nostoc Pc were more impacted by 

complexation but nonetheless retained high mobility suggests their involvement in the 

encounter complex through diffuse interactions.

CONCLUSIONS

The application of 2D-IR spectroscopy with the selectively incorporated probes provided 

insight into the nature of the complex of Nostoc Pc and cyt f. Although all sites of Pc appear 

involved to some extent in cyt f binding, the IR spectral data indicate that the hydrophobic 

region at the head of Pc more substantially engages cyt f than the electrostatic patch. 

Significantly, 2D-IR spectroscopy enabled the rigorous measurement of a large increase in 

frequency heterogeneity with rapid dynamics in the complex. These observations provide 

support for the substantial population of a state in which the protein surface remains highly 

mobile. We attribute this state to a loosely associated encounter complex and conclude that it 

makes up a major population for the complex of Nostoc Pc and cyt f. Such a population 

would facilitate rapid turnover in the ET reactions required for photosynthesis. As for Pc and 

cyt f, ensembles with a high population of dynamic encounter states are likely to facilitate 

transient interactions in many other cellular processes. This study demonstrates the potential 

of site-specific 2D-IR spectroscopy with IR probes as an approach to gain new insight into 

systems with such rapid dynamics.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structural model of the Pc-cyt f complex (PDB 1TU2) highlighting introduced CNF probes 

and the hydrophobic (orange) and electrostatic (blue) patches. Figure was made in UCSF 

Chimera.8
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Figure 2. 
FT-IR spectra of the free Pc (colored lines) and the complex with cyt f (black lines) for 

CNF36 (top), CNF88 (center), and CNF90 (bottom).
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Figure 3. 
Representative 2D-IR spectra at Tw of 0.25 and 3 ps for free Pc (top panels) and the complex 

with cyt f (bottom panels) for CNF36 (left), CNF88 (center), and CNF90 (right). The center 

lines determined from the average spectra are shown as yellow dashed lines.
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Figure 4. 
CLS decay curves (points) and fits (lines) for free Pc (colored) and the complex with cyt f 
(black) for CNF36 (top), CNF88 (center), and CNF90 (bottom).

Ramos et al. Page 19

J Phys Chem B. Author manuscript; available in PMC 2020 March 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Bar graphs depicting the change in frequency distribution, Δ1, associated with fast (1 to 2 ps) 

dynamics (blue) and frequency distribution, ΔS, associated with slow (>5 ps) dynamics 

(green) upon binding cyt f.
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