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Abstract

The surface of a material is rapidly covered with proteins once that material is placed in a

biological environment. The structure and function of these bound proteins play a key role in the

interactions and communications of the material with the biological environment. Thus, it is

crucial to gain a molecular level understanding of surface bound protein structure. While X-ray

diffraction and solution phase NMR methods are well established for determining the structure of

proteins in the crystalline or solution phase, there is not a corresponding single technique that can

provide the same level of structural detail about proteins at surfaces or interfaces. However, recent

advances in sum frequency generation (SFG) vibrational spectroscopy have significantly increased

our ability to obtain structural information about surface bound proteins and peptides. A multi-

technique approach of combining SFG with (1) protein engineering methods to selectively

introduce mutations and isotopic labels, (2) other experimental methods such as time-of-flight

secondary ion mass spectrometry (ToF-SIMS) and near edge x-ray absorption fine structure

(NEXAFS) to provide complementary information, and (3) molecular dynamic (MD) simulations

to extend the molecular level experimental results is a particularly promising route for structural

characterization of surface bound proteins and peptides. By using model peptides and small

proteins with well-defined structures, methods have been developed to determine the orientation

of both backbone and side chains to the surface.

1. Introduction

Information about protein structure and function at interfaces on the molecular level is

crucial in drug design, biosensor applications and biomaterial engineering 1-5. Proteins on

surfaces are an integral part of many biomedical applications (implanted biomedical devices,

diagnostic arrays, tissue engineering scaffolds, cell cultures, etc.) and in biomimetic material

design strategies (biomineralization 6-10 and surface functionalization 11, 12). This

importance has stimulated research towards developing techniques to assess the structure,
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activity, and surface interactions of immobilized proteins. Appropriate tools to obtain this

information can make the important difference between “trial and error” approaches and the

next generation of structure-based design concepts.

To control the biological response to a material or sensor in biological environments, or the

protein recognition mechanisms during biomineralization, it is important to understand the

structure of the proteins immobilized onto those materials and the nature of protein – surface

interactions 13. Large, globular proteins can undergo major structural changes at

hydrophobic interfaces, unfolding to expose their hydrophobic cores. Even if a protein is not

denatured by contact with a surface, it is very likely that the side chain structure will change

depending on the chemical interaction with the surface. Membrane proteins, on the other

hand, often fold into their active state only after binding to a lipid surface or incorporation

into a bilayer. Protein - cell interactions are another important area where high-resolution

information about protein structure on and within membranes and structural changes upon

interaction with therapeutic agents will be crucial to enable the next generation of targeted

drug delivery 14-16.

The development of techniques such as X-ray diffraction (XRD) and nuclear magnetic

resonance (NMR) for determining the nanoscale or molecular structure of proteins in the

crystalline or solution phase has been pursued for decades 17, 18. It is now possible to obtain

angstrom level resolution of atomic positions in protein crystals. In contrast, we know much

less about the structure of proteins on surfaces. The Protein Databank (PDB) provides a

sobering picture of this situation: About 60,000 protein structures have been published, but

not a single structure of a protein bound to an inorganic surface has been solved.

The small amount of protein found in monolayers on surfaces requires the use of techniques

that, due to their sampling depths or selection rules, exclusively detect species present at the

surface1, 2. This perspective article will first provide an overview of methodological

advances in sum frequency generation (SFG) spectroscopy that can be used for investigation

and understanding protein-interface interactions. We will then illustrate how these SFG

methods can provide a detailed picture of proteins on surfaces using the example of

synthetic peptides adsorbed onto model surfaces. In the third part of this article we will

describe the promise of combining SFG measurements with near-edge X-ray absorption fine

structure (NEXAFS) spectroscopy and time-of-flight secondary ion mass spectrometry

(ToF-SIMS) and show the experimental data can be used to actually solve protein structures

on surfaces.

2. Sum frequency generation spectroscopy for protein studies

Researchers are currently exploring possible routes to probe proteins on surfaces using a

variety of surface analytical tools 19. Methods sensitive to the amount of protein adsorbed,

such as scanned probe techniques, surface plasmon resonance (SPR), quartz crystal

microbalance (QCM), radio labeling and X-ray photoelectron spectroscopy, have been

successful in developing sophisticated models of protein film formation 20-26. The drawback

of these techniques, however, is their lack of structure sensitivity. Molecular level details of

proteins on surfaces have been studied using infrared and Raman spectroscopy, cryo-
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transmission electron microscopy, ToF-SIMS, NEXAFS and SFG spectroscopy 27-34. These

techniques can provide information about the conformation, binding or orientation of

surface bound proteins.

The unique capability of SFG in this context is that it is extremely surface sensitive and can

probe proteins in situ in their native environments at interfaces (i.e., at the liquid-solid

interface). SFG generates vibrational spectra of ordered species at interfaces and has been

developed into an increasingly powerful technique for investigating protein films 35, 36. SFG

is based on a coherent nonlinear optical process: Spectrally broad or tunable infrared and

fixed visible laser pulses with high power are overlapped in time and space at an interface to

generate photons at the sum of the incident beam frequencies. The signal is enhanced for IR

frequencies in resonance with SFG-active vibrational modes at the interface yielding

vibrational spectra. Since SFG is a second order process, no signal is generated in isotropic,

randomly ordered or inversion symmetric media36, 37. Consequently, the bulk phase of many

materials and liquids is SFG inactive and the signal is exclusively generated at the interface,

where inversion symmetry is necessarily broken. According to the ‘selection rules’ of SFG,

only molecular groups that have a net order will contribute to the measured signal36. Thus,

even if at the surface, only molecules with a certain degree of order will generate a SFG

signal. In addition, the orientation of molecular moieties can be probed by using different

polarization combinations of the incident beams and the detected SFG signal.

Since surface interactions can introduce ordering in the binding regions of proteins and

peptides, SFG is an excellent probe to identify the side chains involved in these binding

events. This approach has been used to probe the adsorption of proteins such as BSA and

fibrinogen onto hydrophobic polystyrene surfaces, as well as polar surfaces such as calcium

fluoride and silicon dioxide.38-42 These early experiments laid the groundwork for later,

more qualitative SFG methods and are discussed in detail in a number of research and

review articles.43-45 The clear drawback of working with large proteins is their immense

complexity and the redundancy of chemical groups making SFG spectra difficult to

interpret.

Short, well-designed model peptides allow for more detailed analysis and an opportunity to

understand protein-surface interactions on the molecular level. Model leucine-lysine (LK)

peptides on a variety of surfaces ranging from different self-assembled monolayers on gold

to spin-coated polymers to liquid surfaces have been successful investigated in this context.

LK peptides are amphiphilic and comprised only of hydrophobic leucine (L) and hydrophilic

lysine (K) side-chains. The beauty of this model system is that, depending on the

hydrophobic periodicity of the amino acid sequence, α-helix, 310-helix and β-strand

structures can be synthesized.46, 47

In SFG spectra of α-helical 14mer LK peptides (LKα14) the CH3 stretching modes of

leucine became visible on hydrophobic polystyrene and fluorocarbon films, showing a net

ordering of leucine upon peptide binding.48-50 On charged surfaces, conversely, strong N–H

resonances became visible - a signature of lysines interacting with the surface.50, 51
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In addition, we have employed phase sensitive SFG measurements to verify the pointing

directions of the respective side chains. SFG is a coherent technique and the signal phase is

related to molecular orientation with respect to the surface. The SFG phase can be measured

directly using a reference beam52 or indirectly by observing the phase relative to a non-

resonant background signal. Ward et al. have determined the relation of the relative SFG

phase and the orientation of methyl groups on gold surfaces.53 Gold is an ideal substrate for

phase sensitive measurements because it generates a very strong non-resonant background

signal. For air-dried LKα14 films on hydrophobic and hydrophilic self-assembled

monolayers on gold we have observed that the leucine chains were orienting towards

hydrophobic surfaces, most likely binding the peptide via hydrophobic interactions.

Contrarily, on negatively charged SAMs, the leucines were pointing away from the SAM-

peptide interface.51, 54, 55

Air-drying can induce orientation and conformation changes. Therefore we here present data

verifying the side chain orientations on SAMs in a biologically relevant aqueous

environment. Figure 1 shows in situ C–H region SFG spectra recorded in PBS buffer for

LKα14 adsorbed onto dodecanethiol (DoDT) SAM covered gold surfaces. The SAM was

assembled on a gold layer deposited onto a calcium fluoride window. This allows SFG to

probe the SAM-solution interface by going through the backside of the window (details can

be found in ref 56). To avoid spectral confusion with the substrate, the peptide spectra were

collected on a deuterated DoDT SAM (i.e., only the peptide will contribute to the C–H

stretches. The data were fit using the following equation:

(1)

Here, χ(2)
NR, Aq, ωq and Γq are the second order nonlinear optical susceptibility of the

nonresonant background, the resonant oscillator strength, resonance frequency and damping

constant of the qth vibration mode. Since χ(2)
NR,Aq are complex numbers they have a

modulus and a phase. The relative phase determines whether resonant modes q and the

background signal will interfere constructively or destructively. In this analysis, the phase of

the background was kept constant and the signal phase was determined relative to the

background. The peak fits reveal that the relative phases of the peptide and SAM C–H

modes are out of phase. This implies opposite orientations for the SAM methyl groups and

the leucine isopropanol groups, i.e. the leucines are pointing towards the hydrophobic SAM

surface. This experiment shows that, based on existing solution- or solid-phase protein

structures from the Protein Database, in some cases, the orientation of entire peptides can

already be estimated from the orientation of certain key amino acids.41, 48, 50, 51, 55, 57-60

The conformation of proteins can be monitored using amide I SFG spectra. The backbone-

related modes are sensitive to conformation 28 and can be used to determine the secondary

structure of adsorbed peptides.40, 61 For example, α-helix, β-sheet and turn structures have

distinct resonance positions between 1620 cm-1 and 1750 cm-1. While amide I analysis by

linear infrared spectroscopy has been a successful tool for many years, SFG provides a

number of additional advantages. It is inherently surface specific, sensitive to molecular
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alignment and has the capability to probe interfaces in situ in aqueous environments without

the need for special sample preparation, e.g. membrane stacking, which is sometimes used

for infrared analysis.28, 62 Depending on the polarization of incident and detected light,

chiral and achiral species can be interrogated independently.63, 64 SFG is also insensitive to

bending modes of bulk water, which often interfere with IR amide I spectra.28 Since SFG is

only sensitive to ordered species, proteins in solution do not generate a signal and films on

surfaces can be probed even when covered by protein solutions.

Chen et al. have shown that SFG and infrared analysis are complementary tools for protein

studies. Since infrared and SFG experiments probe different order parameters, the joint use

of SFG and infrared spectra allows the determination of both the orientation and

orientational distribution of interfacial protein layers and therefore improve the quantitative

orientation analysis.65 A number of studies investigated the secondary structure of proteins

and peptides on polymer surfaces 41, dielectrics66, 67 and model membrane surfaces44, 68-71.

The influence of the chemical environment and the denaturing effect of detergents was

monitored in situ in biotechnologically relevant environments.72 Real time SFG

measurements can follow protein binding and the assembly process in situ. We have

observed the in situ assembly of adsorbed LK peptide layers at hydrophobic fluorocarbon

surfaces in a phosphate buffered saline (PBS) solution48 by recording resonance intensities

related to ordering of the side chain and the backbone after peptide injection into the liquid

cell. Interestingly, different time scales for side-chain binding and backbone assembly were

observed indicating that the film orders in two steps. Since SFG intensities depend on a

number of factors such as order, symmetry and surface density it is necessary to reference

SFG kinetics to additional complementary data. Here, the direct comparison of SFG data

with in situ mass sensitive methods such as SPR, QCM, surface pressure and radio labeling

help to disentangle the factors related to order and symmetry from those related to the

number density of molecules at an interface. We also compared the SFG measurements with

ex situ XPS composition data taken after different adsorption times. XPS is mass sensitive

and can help separate the coverage contribution to the SFG signal from order effects. It also

can determine the elemental composition of the protein layer. The sensitivity of XPS for

surface chemistry outbalances some of the disadvantages a vacuum-based technique has for

protein studies. The results suggest an extended ordering process within the peptide film

over a timescale of hours following the rapid initial adsorption process. Kinetic SFG

measurements have been used to probe structural and orientational changes large proteins in

membranes70 and when exposed to antibiotic compounds.73

Numerical procedures to quantify the orientations of helical and β-sheet structures using

SFG amide I spectra have recently been published by the Chen and the Yan group.74, 7572, 76

Polarization dependent SFG measurements, where the polarizations of the incident infrared

and visible beams and the detected SFG photons are varied between s- and p-polarization,

allow one to probe protein orientation in membranes and on surfaces 69, 74, 75, 77, 78.

Figure 2 shows, an example for a quantitative study of the orientation of LKα14 peptides

adsorbed onto polystyrene surfaces. The analysis was performed in situ in a 0.5 mg/ml

peptide solution in PBS with the photon beams entering and exiting through the backside of

a prism. Details of the experimental geometry have been published elsewhere.60 SFG
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spectra recorded with ssp (s-polarized SFG, s-polarized visible and p-polarized IR,

respectively), ppp and sps polarization combinations show a single peak near 1655 cm-1

related to an α-helical structure. The oscillator strengths were determined by fitting equation

1 to the spectra, and then used to calculate helix orientations according to the procedure

described in ref 75. In short, the nonlinear optical susceptibilities (χ(2)
RES) for ssp, ppp and

sps resonances were determined from the oscillator strength 79 and then ratios of (χ(2)
RES)

for different polarizations were analyzed. These ratios are directly linked to the helix

orientation. This procedure yielded a χ(2)
ppp/χ(2)

ssp ratio of 2.7 and a χ(2)
ppp/χ(2)

sps ratio of

5.7 related to helix orientations of 75° and 85°, respectively, thus suggesting an average of

80° orientation of the peptide background versus the surface normal. This analysis assumes

a δ-distribution of peptide orientations and the helices are most likely not perfectly aligned

on the surface, so the observed tilt angle represents a lower limit. This data confirms that the

LK peptides are oriented almost parallel to the surface, as already suggested by the C–H

region SFG experiments discussed above and ssNMR measurements of LK peptides on

polystyrene micro beads published previously.54

The information about protein orientation and binding geometries discussed above can

already can address important questions about the interaction of proteins with biomaterial

surfaces such as: Are the proteins in their native, bioactive conformation after surface

binding? What is the orientation of the proteins? Are the proteins well aligned or in a

random state? However, here, the ‘resolution’ remains at the molecular level (i.e., overall

shape and orientation of the entire protein). To go beyond this and probe details of side

chain structure within proteins at high resolution (i.e. getting closer to actually solving a

protein structure) isotope labels at specific protein sites are necessary since it is anticipated

that more than one type of amino acid will show ordering when proteins adsorb onto

surfaces. Also, for each ordered amino acid, it is likely that more than one residue

contributes to observed spectra.

We have pioneered the combination of isotope labels for quantitative SFG orientation

analysis. Based on earlier studies showing that SFG has the capability to detect individual

deuterated residues within larger proteins, we have used isotope labels to probe the

orientations of individual side chains in peptides and proteins 34, 51, 54, 55, 60. Deuterium

substitution into the C–H groups leads to a red shift of ∼800 cm-1 for the C–H resonances.

This allows SFG spectra of individual amino acids in the C-D stretching range (2000 -2350

cm-1) to be recorded without spectral confusion with chemically similar side chains.

Established procedures for SFG orientation analysis of surface species can then be applied to

probe the side chain orientation. Using a set of eight different peptide samples, each with

deuterium labels at a different leucine residue, we have determined in situ the orientations of

the entire set of leucine side chains in LK peptides bound to a polystyrene surface.60 The

spectrum in Figure 3 shows a typical C–D region spectrum of a labeled LK peptide binding

a polystyrene surface. The peaks near 2220 cm-1 and 2060 cm-1 are related to the

asymmetric and symmetric CD3 stretching modes. Features near 2130 cm-1 and 2080 cm-1

are related to the CD3 Fermi resonance and the methine CD stretching mode of the carbon in

the leucine isopropyl group, respectively. The tilt and torsion angles for the terminal

isoleucine groups were obtained from comparing CD3 mode intensities at different
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polarization combinations of the incident probe beams and the detected SFG photons using a

unified atom approach developed by Paul Cremer's group for isopropanol at the air-water

interface.80

We have combined the SFG results with solid-state NMR (ssNMR) dynamics

measurements.54, 60 While SFG can provide the overall orientation of the peptide backbone

as well as the orientation of individual side chains, 2H ssNMR line shape simulations can

determine side chain dynamics and, thus, the proximity of individual residues to the

surface 54. Surface interactions dampen the side chain motions, which changes the

respective NMR line shapes. By combining together the information obtained from the

different experiments for LK peptides on polystyrene, i.e. secondary structure, backbone

orientation, tilt and twist angles of the binding side chains as well as their surface

proximities, we have developed a detailed structural model of a surface peptide (Figure 3). It

is interesting to note, that the side chains near both ends of the sequence tend be oriented

towards neighboring peptides and that leucines close to the surface show larger rotation

angles, i.e. they bring one of the isopropyl methyl groups closer to the surface.

3. A strategy towards protein structure determination

The examples above demonstrate the potential of SFG to probe protein structure on surfaces.

But its great advantage, its sensitivity to a range of different interfacial properties such as

symmetry, order, orientation and surface density can also lead to ambiguous results and, in

some cases, make data interpretation difficult if not impossible. For example, is the intensity

of a SFG backbone resonance in a protein film deceasing because the protein is desorbing,

disordering or even assembling into a centrosymmetric layer? Combining SFG with

independent mass- or structure sensitive techniques can help answer this kind of question

and can dramatically amplify the level of understanding gained from of SFG data. The

usefulness of mass sensitive techniques is obvious and one example combining XPS with

kinetic SFG data was discussed above. The combination of SFG with structure sensitive

methods such as ssNMR, NEXAFS spectroscopy and ToF-SIMS can even be more

powerful. However, the latter two methods use ultra-high vacuum conditions and can only

probe dried protein layers. For larger proteins with a tendency to denature when dehydrated,

Castner et al. have developed fixation methods for ToF-SIMS protein studies, which aim at

maintaining the protein structure during the drying process.32

Examples for a successful combination of SFG backbone and side chain data with ssNMR

dynamics and distance measurements have already been mentioned for the example of LK

peptides on model surfaces. NEXAFS spectroscopy, on the other hand, provides a very

different perspective on protein films. It can provide valuable information about interfacial

species and help understand their orientation and order. NEXAFS spectra exhibit

characteristic resonances related to electronic transitions from an atomic core levels to

unoccupied molecular orbitals making this technique very sensitive to molecular bonds in

general. For proteins studies, amide bonds can be probed using the nitrogen K-edge

resonance near 400 eV. Evidence of protein order or insight into backbone structure is

provided by the linear dichroism effect, i.e. the dependence of the intensity of amide

resonances on the X-ray incidence angle. The cross section of the resonant photoexcitation
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process is determined by the orientation of the electric field vector of the incident

synchrotron light relative to the transition dipole moment (TDM) of the respective molecular

orbital.81 For ordered protein structures, the intensity of the amide resonance varies

significantly with the X-ray incidence angle. The standard way of monitoring the linear

dichroism is to analyze the difference between the spectra acquired at normal and glancing

incidence. Figure 4 shows the nitrogen K-edge NEXAFS spectra of LKα14 and its β-strand

counterpart, LKβ15, adsorbed onto negatively charged carboxylic acid terminated

alkanethiol SAMs on gold to illustrate how this effect can be used to probe protein films (for

experimental details see refs 55, 82). All the spectra exhibit an edge jump related to

transitions into continuum states and an additional pronounced resonance near 401 eV

related to transitions from N 1s core levels into unoccupied amide π* orbitals. Additional

broader features at higher photon energies are assigned to N-H and N-C related transitions.

While the LKα14 70° and 20° spectra show only very weak differences in amide π*

intensity, the dichroic effect is much stronger for LKβ15. This can be explained by the

inherently more aligned orientation of amide bonds in β-strand structures compared to

helices.

The complementary nature of SFG and NEXAFS spectroscopy becomes clear when

comparing the α-helix and β-strand NEXAFS spectra with SFG data. SFG amide I spectra

for the peptide samples are shown in Figure 5. For the LKα14 peptides, the amide I peak is

readily detected by SFG while there is no signal visible for the LKβ15 sample. Most likely,

the same symmetric arrangement of the amide bonds that leads to such a strong angle

dependence in NEXAFS in the ordered LKβ15 films also results in a cancelation of signal

from amide groups with opposite orientations and, thus, the suppression of a net SFG

response.49, 55 Hence, the SFG data set would have been impossible to explain with

certainty without comparison to the NEXAFS data. Recently, we have shown that NEXAFS

can also provide information about individual side chains. By selectively labeling

phenylalanine residues with fluorine, the respective ring orientations were determined in the

binding domain of the human biomineralization protein statherin on hydroxyapatite, its

native mineral surface.34 This method is complementary to SFG studies of individual side

chains using isotope labels.

Another technique that can potentially provide a detailed picture of protein-surface

interactions is ToF-SIMS. ToF-SIMS offers both high chemical specificity and surface

sensitivity (typically ∼2 nm).83-85 For ToF-SIMS a surface is typically bombarded with a

keV energy primary ion beam that sputters molecular fragments off the surface. A fraction

of the sputtered fragments carries a net charge and can be extracted through a time-of-flight

mass analyzer. The result is a mass spectrum of the secondary ions ejected from the

interface.85, 86

The dynamics of the secondary ion ejection process are extremely complicated and

dependent on experimental conditions such as the choice of primary ions.87 However, most

amino acids have distinct spectral fingerprints83, 84 and reference tables with characteristic

peak88 allow one to use ToF-SIMS to characterize protein films.83, 84 Taking advantage of

the shallow sampling depth of ToF-SIMS makes it possible to probe the changes in

conformation and orientation of surface immobilized proteins with ToF-SIMS.89-93
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Ordering, unfolding and denaturation changes will change the relative concentrations of

different side chains in the ToF-SIMS sampling region. Thus, changes in surface

conformation can be tracked by examining intensity changes of secondary-ion signals from

hydrophobic and hydrophilic amino acids.94 In previous studies, ToF-SIMS has also been

shown to provide information about the orientation of surface immobilized proteins by

recording the intensities of secondary ions originating from different amino acids

asymmetrically located within the protein 3-D structure.89, 93, 95

We have also successfully begun to expand this multitechnique approach to complex

proteins. The B1 domain of the protein G is a small protein (6 kDa) comprised only of two

antiparallel β-sheets and one α-helix, which makes it an ideal model protein for these

studies, exhibiting the next step in complexity compared to the LK peptides. In a combined

SFG, NEXAFS and ToF-SIMS study of this protein immobilized on a variety of surfaces the

protein secondary structure and backbone orientation were determined19, 27, 29, 58. ToF-

SIMS was used to determine the overall protein orientation using selected peaks from

asymmetrically distributed amino acids in the protein structure. SFG provided information

about the secondary structure and could show, that the protein film exhibited a significant

degree of backbone alignment that was induced from being bound to the surface. NEXAFS

analysis provided an estimate of the β-sheet tilt angle with respect to the surface using a

standard method to determine bond orientations from angle dependent NEXAFS spectra.

Based on our previous LK peptide work this analysis assumed that helical structures do not

contribute significantly to the angle dependence of NEXAFS data.

In summary, SFG is a very powerful tool to probe proteins on surfaces, but its full potential

can only be unleashed if combined with complementary techniques. Since each of these

methods has their strengths and weaknesses, determining protein structure on surfaces

requires combining together information from a range of different approaches. The

combination of surface analytical tools alone can still not provide atomic structures of entire

proteins that would, for example, meet the accuracy and resolution criteria for a structure

submission to the Protein Databank96. For solution- and solid-state protein structure

determination the integration of computer modeling and experimental methods played an

increasing role in recent years. Solution-state structures can be determined by combining

sparse experimental NMR data with specialized computational methods such as

RosettaNMR.97 For protein crystals, cryo-electron microscope density maps can be used to

constrain in silico protein models. 98, 99 Such hybrid theoretical and experimental

procedures also provide a promising approach for protein structure determination on

surfaces. Figure 6 illustrates a possible route to such an atomic level analysis. Latour et al.

have recently published benchmark test for the accuracy of different molecular dynamics

force field for proteins on surfaces.100 Drobny, Gray et al. have taken an important step in

this direction by showing that using ssNMR structural data to guide and constrain model

calculations can lead to an improved understanding of the biomineralization protein statherin

on hydroxyapatite surfaces.101 Pfaendtner and coworkers have compared interfacial peptide

structures they had predicted using advanced MD sampling methods to experimentally

determined structures102. Importantly, progress in simulating SFG spectra of proteins in the

amide I region will lead to new approaches to combine simulations and experiments in a
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very direct way.103 The combination of specifically designed computer models guided and

constrained by a broad variety of experimental data from a variety of complementary surface

analytical techniques provides a viable path towards protein structure determination on

surfaces.
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Figure 1.
a) Experimental setup for in situ SFG measurements. A CaF2 window is coated with a 25

nm gold layer and then decorated with a DoDT SAM. b) SFG C–H spectra collected in situ

through the backside of the window. For the LKα14 spectrum a deuterated DoDT SAM was

used as substrate to avoid spectral confusion with the peptide CH modes. The peptide and

SAM peaks have a phase difference of >π/2 showing the CH3 orientations of these two

species have a predominately opposite orientation. c) Schematic showing the orientation of

the leucine isopropanol groups binding to the DoDT methyl groups.
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Figure 2.
a) Experimental setup for in situ SFG measurements. One side of the prism is coated with a

polystyrene film and then exposed to a protein solution. The interface is then interrogated

going through the backside of the prism. b) SFG amide I spectra collected with different

polarization combinations of the incident pump beams and the detected SFG photons. The

single peak near 1655 cm-1 shows the peptides have an α-helical secondary structure when

adsorbed onto a polystyrene surface. c) The polarization dependence of the amide I

resonance can be used to determine the helix orientation vs. the surface normal.
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Figure 3.
: Left: Schematic drawing of the model lysine-leucine peptide LKα14 adsorbed onto a

polystyrene surface. The leucine side chains interact with the hydrophobic surface. Right:

SFG spectrum of Leu 12 (labeled red) after that side chain has undergone site directed

deuterium substitution for structural analysis studies. The orientations of all leucine side

chains (sticks) were determined using a combination of SFG and solid-state NMR.60 The

lysine residues (lines) are less ordered than the leucines and interact with the surrounding

water molecules.
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Figure 4.
: NEXAFS nitrogen K-edge spectra for LKα14 and LKβ15 peptides adsorbed onto

carboxylic acid termianted alkanethiol SAMs. The NEXAFS spectra were acquired at a

near-normal angle of 70° and at a glancing angle of 20°. The significantly more pronounced

intensity variation with the X-ray angle for β-strand peptides can be explained by a more

aligned configuration of amide bonds in that film compared to the LKα14 film.
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Figure 5.
SFG spectra of the amide I region for α-helical and β-strand LK peptides adsorbed onto

mercaptoundecanol SAMs on gold. The single peak near 1655 cm-1 for LKα14 shows the

peptides are α-helical the surface. The lack of signal for the β-strand peptide can be

explained by a symmetrical arrangement of the beta strands.
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Figure 6.
A flow diagram outlining a possible route towards determining the structure of proteins on

surfaces.
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