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Abstract We have used nuclear resonance vibrational spectroscopy (NRVS) to examine
the nature of the Fe–S unit. Specifically, vibrational characteristics have been determined,
and through incremental steps in model system complexity, applied to analysis of the
enzyme nitrogenase. This stepwise strategy demonstrates NRVS as a viable bioinorganic
tool, and will undoubtedly increase the application of synchrotron spectroscopy to
biological problems.
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1 Introduction

Iron–sulfur species are ubiquitous in nature [1]; among their responsibilities are the
enzymatic redox transformations of CO2, H2, and N2 [2]. These substrates, being likely
foundations of Earth’s early atmosphere, have led Huber and Wächterhäuser to postulate that
life may have evolved via the catalytic function of iron–sulfur metalloclusters [3]. The base
component of these metalloclusters is the 2Fe2S rhombus, from which many of the larger
clusters can be constructed, not just stereochemically, but also literally, as in the case of
nitrogenase (N2ase), the enzyme responsible for the reduction of dinitrogen to ammonia [4].
N2 fixation is the key step in the nitrogen cycle [5, 6], and this biological ammonia
synthesis is responsible for about half of the protein available for human consumption. In
Azotobacter vinelandii (Av) the Mo-dependent N2ase that accomplishes this reaction uses
electrons from an Fe4S4 cluster in a 63 kDa Fe protein (Av2) to reduce a 230 kDa α2β2

MoFe protein (Av1). Within Av1, an Fe8S7 ‘P-cluster’ supplies electrons to the active site
MoFe7S9 ‘FeMo-cofactor’, sometimes called the ‘M-center.’ This is extractable into organic
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solvents as ‘FeMoco’ (Fig. 1) [7]. Protein-bound FeMo-cofactor is ligated by a cysteine
on one end, and on the other by histidine and homocitrate ligands [8–10].

We have examined model systems and iron–sulfur proteins (including N2ase and
FeMoco) by the technique of nuclear resonance vibrational spectroscopy (NRVS). The
theory behind this technique is described in detail in other articles in this issue, however it
is suffice to say here that the above technique is element specific, and through suitable
isotopic labeling allows for focus upon the metal atoms within the catalytic machinery.
With this spectroscopic tool we hope to address questions that are beyond the reach of
protein crystallography; furthermore, important catalytic intermediates are not always the
species that can be crystallized, and crystallized species may not necessarily be part of the
catalytic cycle. To validate our NRVS data collection and analysis procedures, we initially
recorded spectra for a number of model compounds. We took an aufbau approach, starting
with simple systems and gradually building up to complex clusters. The early work
simulated the obtained spectra using Urey–Bradley force fields; the later studies were
complemented by DFT calculations. Model compound and small protein studies remain
critical for (1) improving experimental methods, (2) refining transferable UBFF force
fields, (3) testing DFT predictions, and (4) expanding a database for interpretation of
enzyme spectra.

2 Results

Our work in the area of NRVS is summarized below, beginning with the more simple model
systems and culminating in the more involved enzymatic constructs. These latter
investigations are complicated by (1) the relative diluteness of the iron–sulfur centers
within the proteinous environment, (2) the presence of several species, for example [4Fe–
4S] clusters that serve as electron conduits, (3) and the greater complexity afforded by a
decrease in symmetry, that is often concomitant with the increased number of atoms in the
active site. However, even with these factors, evidence is presented that clearly
demonstrates that NRVS is entirely applicable as a method for biological studies.

2.1 Model compounds

[FeH(D)6]
4− This was our first NRVS project, conducted largely as a feasibility study, with

an eye on hydrogenase projects in the future. We compared these isotopomers to see if

Fig. 1 Ball and stick representa-
tions of A. vinelandii N2ase
FeMo-cofactor, illustrating cen-
tral location of proposed light
atom (PDB code 1M1N) [11]
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Fe-H/D stretches, which involve little Fe motion, would be visible by NRVS. As shown
in Fig. 2, Fe–D modes were visible in 2002 [12]. Of note was the surprising strength of
the H–Fe–H and D–Fe–D bend modes.

R(FeCl4) and [NEt4]2[Fe2S2Cl4] These compounds were analyzed by a combination of
NRVS, Raman, and IR spectroscopies (data not shown). The D2h symmetry of the
[Fe2S2Cl4]

2− anion with its centre of inversion makes the IR and Raman modes mutually
exclusive, thus we were able to observe and assign 16 of the 18 normal modes for this
species. Additionally, we were able to observe a change in [FeCl4]

− symmetry with
counterion, and the acoustic phonon modes for all of these samples [13].

[Fe4S4(SPh)4]
2− This cluster was examined as a ‘simple’ model for 4Fe ferredoxins, and

as a test for our ability to observe 36S isotope effects. Owing to the low symmetry and a
solid-state phase transition at 233 K, the NRVS spectra turned out to be surprisingly
complex. Incorporation of 36S into the bridging S positions produced ∼9 cm−1 shifts in
some NRVS bands (Fig. 3). These shifts were reproducible with DFT calculations [14].

[Fe6N(CO)15]
3− This cluster was examined as one of the few models available for

interstitial N in a 6-Fe cage, and as a test for our ability to observe 15N/14N isotope effects.

Fig. 2 NRVS of [Fe(H/D)6]
4−
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We observed several strong breathing modes for the 6Fe prism, as well as the expected Fe–C
stretching bands. A special characteristic of complexes with interstitial ‘X’ is the presence of
‘shake’ modes for the X vibrating within the metal cage. The shake modes are very strong in
the IR, and give rise to large 15N/14N shifts (Fig. 4). We have now seen these shifts in the
NRVS as well.

2.2 Protein studies

Rubredoxin We chose Pyrococcus furiosus Rd as our first protein because of its ‘simple’
single FeS4 center (Fig. 5) [15]. The results turned out to be more complex than expected;
there has been a long-standing debate over delocalization of Fe–S modes in Rd. Resonance
Raman work had shown an asymmetric Fe–S stretch region divided into three bands near 350–
370 cm−1 [16]; in our Raman spectra we observed these and additional bands out to 440 cm−1.

Fig. 3 NRVS (bottom) of
[Fe4S4(SPh)4]

2− with 32S (blue)
or 36S (red) vs. Raman (middle)
and IR (top)
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The NRVS was also very broad in this region, suggesting that stretching modes are strongly
coupled with protein side chain motion. A model with five-atom chains extending from the Fe
site was required to quantitatively reproduce the Fe–S stretch region—quite similar to
Goddard’s ‘chromophore in protein’ model [17].

2Fe and 4Fe ferredoxins We recorded NRVS and resonance Raman for Aquifex aeolicus
(Aa5) and Rhodobacter capsulatus (Rc6) 2Fe Fds. The Fe PVDOS reveals a strong and
broad low frequency region (Fig. 5), suggesting that the Fd bend modes are highly
delocalized and mixed with larger scale peptide motions. Raman spectra for 57Fe/36S-
substituted Rc6 exhibit isotope shifts that provide additional constraints on the normal mode
analyses. We followed with measurements on a Pf 4Fe Fd using the D14C mutant with all
Cys side chains [18]. Compared to 2Fe Fds, the 4Fe cluster shows less coupling with the
protein matrix.

Nitrogenase and FeMoco Together with Bill Newton and Karl Fisher, we examined
samples of 57Fe-enriched Av1, a ΔnifE Av1 mutant containing only P-cluster, and isolated
FeMoco (Fig. 6). The difference spectrum between Av1 and ΔnifE Av1 represents the
protein-bound FeMo-cofactor. In this data and in the FeMoco NRVS, the catalytic site
exhibited a strong signal near 190 cm−1, where conventional Fe–S clusters have weak
NRVS. This intensity was ascribed to cluster breathing modes whose frequency is raised by
an interstitial atom. A variety of Fe–S stretching modes are also observed between 250 and
400 cm−1. The spectra were reasonably well simulated both by empirical UBFF force fields
and by DFT calculations [19].

Fig. 4 NRVS (top) and IR (bot-
tom) for 14N (–) vs. 15N (–) [Fe6N
(CO)15]

3−
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It is worth emphasizing that this is the first vibrational information ever obtained about
the FeMo-cofactor or P-cluster metals. There is a wealth of information to be obtained from
these spectra, especially when combined with DFT calculations and isotopic labeling. We
are obviously quite excited about the potential of these experiments.
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Energy (meV)Fig. 5 NRVS of Fe–S proteins.
Top to bottom, oxidized (red) vs.
reduced (blue): (a) Pf Rd, (b) 2Fe
Aa5 Fd, (c) 2Fe Rc6 Fd, (d) 2Fe
Rieske protein, (e) 4Fe D14C Pf
Fd
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2.3 Summary

The results presented above unequivocally illustrate that synchrotron spectroscopies have a
role to play in the ever increasingly complex attack on unraveling the secrets of
metalloenzymes, and no doubt with continued future development will become more
routine and readily available.

3 Experimental

NRVS spectra were recorded at beamline 3-ID at the APS, Illinois, and at beamline 09-XU
at SPring-8, Japan as previously described [13, 15]. PVDOS were calculated using
PHOENIX [20].

Fig. 6 NRVS of MoFe N2ase vs.
the P-cluster only ΔNifE, MoFe
minus ΔNifE vs. FeMoco.
Vibratz simulation of FeMoco

NRVS of Fe–S model compounds, Fe–S proteins, and nitrogenase 53



Acknowledgements We thank E. Ercan Alp, Jiyong Zhao and Wolfgang Sturhahn at the APS and
Yoshitaka Yoda at SPring-8 for assistance with our experiments, and Mike Adams, Jacques Meyer, Thomas
Rauchfuss, William Newton, Karl Fisher, and Roberto Della Pergola for samples. This work was funded by
NIH grants GM-44380 (SPC), GM-65440 (SPC), and the DOE, Office of Biological and Environmental
Research (SPC). The Advanced Photon Source is supported by the DOE, Office of Basic Energy Sciences.
SPring-8 is supported by JASRI—the Japan Synchrotron Radiation Research Institute.

References

1. Rees, D.C.: Ann. Rev. Biochem. 71, 221–246 (2002)
2. Rees, D.C., Howard, J.B.: Science. 300, 929–931 (2003)
3. Huber, C., Wächterhäuser, G.: Science. 281, 670–672 (1998)
4. Agar, J.N., Zheng, L.M., Cash, V.L., Dean, D.R., Johnson, M.K.: J. Am. Chem. Soc. 122, 2136–2137

(2000)
5. Igarashi, R.Y., Seefeldt, L.C.: Crit. Rev. Biochem. Mol. Biol. 38, 351–384 (2003)
6. Dos Santos, P.C., Igarashi, R.Y., Lee, H.I., Hoffman, B.M., Seefeldt, L.C., Dean, D.R.: Accts. Chem.

Res. 38, 208–214 (2005)
7. Pickett, C.J., Vincent, K.A., Ibrahim, S.K., Gormal, C.A., Smith, B.E., Best, S.P.: Chem. Eur. J. 9, 76–87

(2003)
8. Kim, J.K., Rees, D.C.: Nature. 360, 553–560 (1992)
9. Bolin, J.T., Campobasso, N., Muchmore, S.W., Morgan, T.V., Mortenson, L.E.: The structure and

environment of the metal clusters in the nitrogenase MoFe protein from Clostridium pasteurianum. In:
Stiefel, E.I., Coucouvanis, D., Newton, W.E. (eds.) Molybdenum Enzymes, Cofactors, and Model
Systems, pp. 186–195. American Chemical Society, Washington, D.C. (1993)

10. Mayer, S.M., Lawson, D.M., Gormal, C.A., Roe, S.M., Smith, B.E.: J. Mol. Biol. 292, 871–891 (1999)
11. Einsle, O., Tezcan, F.A., Andrade, S.L.A., Schmid, B., Yoshida, M., Howard, J.B., Rees, D.C.: Science.

297, 1696–1700 (2002)
12. Bergmann, U., Sturhahn,W., Linn, D.E., Jenney, F.E., Adams, M.W.W., Rupnik, K., Hales, B.J., Alp, E.E.,

Mayse, A., Cramer, S.P.: J. Am. Chem. Soc. 125, 4016–4017 (2003)
13. Smith, M.C., Xiao, Y.M., Wang, H.X., George, S.J., Coucouvanis, D., Koutmos, M., Sturhahn, W., Alp,

E.E., Zhao, J.Y., Cramer, S.P.: Inorg. Chem. 44, 5562–5570 (2005)
14. Xiao, Y., Koutmos, M., Case, D.A., Coucouvanis, D., Wang, H., Cramer, S.P.: Dalton Trans. 18, 2192–

2201 (2006)
15. Xiao, Y.M., Wang, H.X., George, S.J., Smith, M.C., Adams, M.W.W., Jenney, F.E., Sturhahn, W., Alp,

E.E., Zhao, J.O., Yoda, Y., et al.: J. Am. Chem. Soc. 127, 14596–14606 (2005)
16. Czernuszewicz, R.S., Kilpatrick, L.K., Koch, S.A., Spiro, T.G.: J. Am. Chem. Soc. 116, 7134–7141

(1994)
17. Qiu, D., Dasgupta, S., Kozlowski, P.M., Goddard, W.A., Spiro, T.G.: J. Am. Chem. Soc. 120, 12791–

12797 (1998)
18. Brereton, P.S., Duderstadt, R.E., Staples, C.R., Jonhson, M.K., Adams, M.W.W.: Biochem. 38, 10594–

10605 (1999)
19. Xiao, Y., Fischer, K., Smith, M.C., Newton, W., Case, D.A., George, S.J., Wang, H., Sturhahn, W., Alp,

E.E., Zhao, J., Yoda, Y., Cramer, S.P.: J. Am. Chem. Soc. 128, 7608–7612 (2006)
20. Sturhahn, W.: Hyperfine Interact. 125, 149–172 (2000)

54 S.P. Cramer, Y. Xiao, et al.


	Nuclear Resonance Vibrational Spectroscopy (NRVS) of Fe–S model compounds, Fe–S proteins, and nitrogenase
	Abstract
	Introduction
	Results
	Model compounds
	Protein studies
	Summary

	Experimental
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


