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Fatty acid synthesis
Synthesis of polyketides, immunosupressants & 
peptide antibiotics
Removal of acyl-chains  from post-translational 
modified proteins such as  Ras
Bioluminescence
Important industrial protein for synthesizing 
stereospecific acids, alcohols & esters etc 

Biological significance:
TEP-I is an ubiquitous protein involved in:

Protein target: E. coli thioesterase/protease I
(thioesterase, esterase, protease, arylesterase, and lysophopholipase)



Why Study this enzyme ?

- A member of a new subclass of lipolytic enzymes,
of which no structure is known.

- A excellent model system for studying the 
molecular events involved in enzyme catalysis.

New structure or new fold ?



I. Structure :

Goals

Lin, T.H., Chen, C.P., Huang, R.F., Lee, Y.L., Shaw, J.F. and Huang, T.h.
(1998) J. Biomol. NMR 11, 363-380. “Multinuclear NMR resonance 
Assignments and The Secondary Structure of E. coi Thioesterase/ 
Protease I, a member of a New Subclass of Lipolytic Enzymes “. 

II. Dynamics.

III. Structure – functional relationship

Functional roles of protein dynamics?

Molecular mechanism of enzyme catalysis

Huang, Y.T., Liaw, Y.C., Gorbatyuk, V. and Huang, T.-h. (2001)
“The backbone dynamics of E. coli thioesterase/protease I –Evidence 
of a flexible active site environment of a serine protease”
J. Mol. Biol. 307, 1075-1090. 

A new structure or a new fold ?

1. Tyukhtenko, S.I., Livinchyuk, A.V., Huang, Y.T., Chang, C.F., Shaw, J.F., and Huang, 
T.-h. (2002) “NMR Studies of the Hydrogen Bonds Involving the Catalytic Triad of 
E. coli Thioesterase/Protease I” FEBS Lett. 528, 203-206. 

2. Tyukhtenko, S.I., Livinchyuk, A.V., Huang, Y.T., Chang, C.F., Shaw, J.F., and Huang, 
T.-h.* (2003) “Sequential structural changes of E. coli thioestease/protease-I in 
forming Michaelis and Transition state complexes with diethyl p-nitrophenyl
phosphate” Biochemistry, 42(27) 8289 – 8297. 



I. StructureI. Structure

Standard heteronuclear multi-dimensional 
NMR techniques.

TEP-I is a 182 a.a. protein of molecular 
weight 21 kDa.



Determining Macromolecular  Structures

(1)
Prepare

NMR  samples
2H, 13C and/or 15N-

Labeled

(3)
Assign 
NMR 

resonances

(2)
Obtain 

NMR spectra -
( 1D, 2D, 3D & 4D)

(4)
Obtain 

NMR restraints
distances,

dihedral angles
bond orientations

(5)
Structure

Calculation
and

refinement



Determining protein structure by NMR:

1. Determine secondary structure.
2. Determine tertiary structure.
3. Structure refinement.
4. Dynamics, Function, Drug design.





Chemical shift referencing
References:
1. Wishart, D. and Case, D.A. (2001) Method Enzymology 338, 3-34. 
2. Wishart, D. and Sykes, B.D. (1994) Method Enzymol. 239, 363-392.
3. Markley, J.L. et al. (1998) J. Biomol. NMR 12, 1.

0.404,808,63610% (CH3)3PO4 (Internal)31P
0.940,867,196100% CF3COOH (External)19F
0.101,329,118100% Liquid NH3 (External)15N
0.251,449,530DSS (Internal)13C
1.000,000,000DSS (Internal)1H

Ξ ratioCompoundNucleus

IUPAC/IUBMB recommended Ξ ratios for indirect chemical 
shift referencing in biomolecular NMR (relative to DSS) 

DSS: 2,2-dimethyl-2-silapantane-5-sulfonic acid.



15N-HSQC  
spectrum 





Heteronuclear multidimensional 
NMR experiments for 
resonance assignments

Magnetization transfer pathway:

1H  15N  13C  15N
1H  1H Detection

Detect 1H, 13C, 15N resonances

Permit sequential correlation of 
backbone 1H-13C-15N resonances !!!





1.2-1.715N
-1.41.71-13C(CO)
-1.42.62-13C (13Cα)
0.29-0.19N-1H
0.38-0.381Hα

β-strandHelixNucleus

Average secondary shift for various nuclei 
relative to random coil values (ppm)

Usually only 1Hα , 13Cα, 13CO are used for identifying 
secondary structures.



1Hα Chemical shift and secondary structure





1Hα

13Cα

13CO



Consensus chemical shift indices

1. For a nucleus, if chemical shift is within the range gives a “0”.
2. If greater than the standard deviation range gives “+1”
3. If it is less than that range gives a “- 1”.
4. A minimum of four consecutive “- 1” (or “+1” for carbons) is needed to 

define a helix.
5. A minimum of three consecutive “1” (or “- 1” for carbon) w/o interrupt 

is needed to define a strand.
6. Repeat for all three nuclei. Need 2/3 agree to define a secondary 

structure element.



1H – 1H NOESY of RC-RNase 
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J-coupling of backbone nuclei (Hz)
3J(HN-CA) = 4 – 11 Hz depends 
on secondary structure.

< 6 Hz  α-helix
> 8 Hz  β-stand



Secondary structure prediction from backbone proton distance



3JHN-HA
coupling



Summary plot



Secondary Structure Topology Derived by NMR Secondary Structure Topology Derived by NMR 

1. A four-strand β
sheet + seven α
helices.

2. α/β hydrolase fold



NMR Structural Constraints 
 

1. Internuclear distances (Nuclear Overhauser Effect) 
NOE ∝ R-6 

2. Dihedral angles (J-coupling):  
3JNHα = 6.4 cos2(Φ-60) – 1.4cos(Φ-60) + 1.9 

3. Chemical Shift Index (CSI): 
Chemical shift difference between observed and random coil 
chemical shift values → 2nd structure determination 

4. Residual dipolar coupling: 
Partial orientation of protein molecules in liquid crystal media 
permits observation of residual dipolar coupling for assessing 
long range orientations of dipolar coupled bonds. 

 





圖三. 蛋白質骨架胜肽平面結構圖





Tertiary Structure Determination 
 
1. Use long range NOE cross peaks, dihedral angles and RDC as constraints. 
 

2. NOE cross peak intensities are affected by molecular motion, multispin
interaction and spin diffusion effects.  Thus, normally rather loose constraints 
are used. 

Very Strong: 1.8 – 2.5 Å;     Strong: 1.8 – 3 Å 
Medium: 1.8 – 3.5 Å       Weak: 1.8 – 4 Å 
Very Weak: 1.8 – 5 Å  

 

3. Need to overcome energy barrier to avoid trapped in local minimum by
performing simulated annealing and molecular dynamic calculation. 

 

4. Normally needs to calculate several (50) structures with different initial input
conditions to obtain an ensemble of structures. 

 

5. Side chain conformations are hard to define. 
 

6. Use residual dipolar interaction to further refine the structure. 
 

7. Minimize the radius of gyration of the protein to make it more compact:  
 

R2 = Σ miri
2/Σmi



Structure Calculation 
 

1. Build a random structure of the given sequence. 

2. Use molecular dynamics and simulated annealing to generate many structures
with minimum violation of structure constraints and with minimal energy of the
following energy term. 

Etotal = Ebond + Eangle + Eimproper + EVDW + Ecdih + ENOE + ERDC +…. 
Ebond = Σkb(b-b0)2; Eφ = Σkφ(φ-φ0)2; 
Eimproper = Σkimpr(ω-ω0)2; Ecdih = Σkcdih(Ψ-Ψ0)2; 
ENOE = ΣkNOE(γ-γ0)2; ERDC = ΣkRDC(θ-θ0)2; 
 

3. Check for wrong assignments and recalculate the structure. 

4. Selcet 20 structures of least NOE violation (> 0.5 Å) 

5. Criteria for good structures: 
a. No NOE violation 
b. RMSD < 0.5 Å 
c. No violation in dihedral angle (Inspect Ramachandran diagram)(Atomic

hindrance). 





Oxyanion Hole 
residues

S10, G44 & N73







Ramachandran plot (φ v.s. Ψ plot)



II. Catalytic MechanismII. Catalytic Mechanism

1. Hydrogen bonding in the catalytic triad.

2. Structure of the Michaelis complex.



Catalytic mechanism
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The catalytic triad of serine 
proteases

Asp154 –C- O IIIIIIIIIIIIIII δ1HN Nε2 ------- HO – Ser10

Hε1

Hδ2

(His157)

Strong hydrogen Bond Hydrogen bond ?

Low field resonance
(15 – 19 ppm)

?
?

? ?

pH 6.0

pH 3.5
u-15N-TEP-I



14.014.515.015.516.0

w.t.

H157A

D154A

NHδ1(H157)

S10(OH)

1H Chemical Shift (ppm)

14.25 ppm

14.37 ppm

14.28 ppm

15.38 ppm

Assignment of low field resonances by Mutant studies
Ser10-OH

His157-
Hδ1 His157-

Hδ1



pH titration of the low field resonances 
(1oC)

pH

3.11

4.82

6.76

7.52

8.02

9.37

Ser10-OH

NHε2(His157)

1314151617 ppm

NHδ1(His157) 
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pH titration of the low field 
resonances

His157 Hδ1

Hε2 (Broaden at high pH)

Ser10-OH

pK = 6.8
Little pH dependent 

Ser10-OH is not hydrogen    
bonded to NHε2 of His157



Effect of DENP binding

Free

Michaelis complex

Tetrahedral complex

1. Formation of MC disrupts  
the Asp-His H-bond.

2. H-bond reforms in the 
tetrahedral complex.

Add DENP at 37oC



1. We have detected and have assigned the low field hydrogen 
bond resonances of Asp154-His157and Ser10-OH.

2. We found that in the free form Ser10-OH is not hydrogen 
bonded to His157 in the free form.

3. In the Michaelis complex the Asp154-His157 hydrogen 
bond cannot be detected.

4. In the TEP-I/DENP tetrahedral complex the 
Asp154-His157 may be reformed, but its nature is still unclear.

Hydrogen bond of the catalytic triad



Structure of the Michaelis complex

DENP is a Transition state analogues

DENP forms long lived Michaelis complex with TEP-I
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Structure of the 
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P-nitrophenolate



Use of chemical shift perturbation for characterizing ligand binding.

Excellent 
dispersion
& Detailed 
structural 
information

15N-HSQC



120.000

120.000

117.500

115.000

112.500

110.000

107.500

9.50 9.00 8.50 8.00

      

/ ppm1H

G71

G75

G72

N73
T46

W23

W23

H157

S10

L103

L103

M
M

M

B

Superposition of two 15N-HSQC spectra (pH 6.1, 2oC)

Two sets of spectra 
were observed in
TEP-I/DNP complex

Blue: Pure TEP-I; Red: TEP-I/DNP complex

Intermediate Final

Individual species can 
be detected separately



What are the identities of these species 

- Free form: Free enzyme.

- Intermediate species: Michaelis complex. 

- Final complex: Tetrahedral Adduct.



Blue: Free TEP-I
Red: Michaelis

Blue:  Intermediate
Red:  Final complex

(u-15N-Leu)-TEP-
I



Chemical shift purturbatiopn: Free enzyme Michaelis 
complex



Michaelis complex Tetrahedral adduct





Active site residues: S10, D154, & H157

Chemical shift purturbatiopn: Free enzyme Michaelis 
complex

Oxyanion holes: D9, G44 & N73



Michaelis complex Tetrahedral adduct



Sequential Binding of DNP to the oxyanion 
holes
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III. DynamicsIII. Dynamics -- 44--dimensional structuredimensional structure

Many biological functions of proteins can not Many biological functions of proteins can not 
be explained by static structure.be explained by static structure.

Determine Determine 1515NN--TT11, , 1515NN--TT22, (, (11HH--1515N)NOE of (uN)NOE of (u--1515N)TEPN)TEP--I I 
at 500 and 600 MHz.at 500 and 600 MHz.

Data were analyzed by Data were analyzed by ModelfreeModelfree approach, assuming approach, assuming 
axially symmetric anisotropic diffusion tensor to extract:axially symmetric anisotropic diffusion tensor to extract:
-- Order parameters (Order parameters (ΔΔSS22););
-- Conformational exchange rates (RConformational exchange rates (Rexex); and ); and 
-- Rotational correlation time (Rotational correlation time (ττ) etc) etc



NMR RelaxationNMR Relaxation



r

RF

Nuclear Overhauser Effect (NOE)
(Energy transfer through dipolar effect)

XNOE = 1 + (d2/4)(γH/ γN)[6J(ωH + ωN) - J(ωH - ωN)]T1

where  d = (μohγN γ H/8π2)(rNH
-3), 

I S



1/T1 = (d2/4)[J(ωH - ωN) + 3J(ωN) + 6J(ωH + ωN)] + c2J(ωN) -------- (1)

1/T2 = (d2/8)[4J(0) + J(ωH - ωN) + 3J(ωN) + 6J(ωH) + 6J(ωH + ωN)] 
+ (c2/6)[4J(0) + 3J(ωN)] + Rex  -------------------------------- (2)

Relaxation MechanismRelaxation Mechanism

Dominated by dipolar and chemical shift anisotropic
interactions, and are related to the spectral density functions,
J(ω), by :

where  d = (μohγN γ H/8π2)(rNH
-3),    &    c = ωN(σ∥- σ⊥)/√3.

μo : permeability constant of free space; h: Planck constant;
γi : magnetogyric ratio of spin i; ωi: Larmor frequency of spin i; 
rNH = 1.02 Å: N-H bond length; Rex: exchange rate; 

σ∥- σ⊥ = -170 ppm (15NH CSA tensor).  

(Dipolar term) (Chemical shift term)

NOE = 1 + (d2/4)(γH/ γN)[6J(ωH + ωN) - J(ωH - ωN)] T1 ------------- (3)



J(J(ωω) and molecular motion) and molecular motion
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For a rigid macromolecule undergoing Brownian motion with a 
rotational correlation time τm and local internal motion with 
rotational correlation time τs the spectral density function, J(ω)
can be expressed as:

S2    : Order parameters (Magnitude of motion)

R ex : Chemical exchange rate (Slow motion in ms or μs regime)

τ‘s :  Correlation times (Speed of motion)

Fitting T1, T2 and NOE data to determine
S2, τ and R ex

-- ModelfreeModelfree analysisanalysis



Dynamics

1. Measured T1, T2 and (1H,  15N) NOE at 500 and 600 MHz at 310 K. 

2. Total of 128 resonances were measured at 500 MHz and 134 
resonances were determined at 600 MHz.

3. Average: 
R1 = 1.108 ± 0.056 S-1 (1.506  ± 0.096 S-1), 
R2 = 10.31 ± 1.40 S-1(9.236  ± 1.17 S-1) 
XNOE = 0.742 ± 0.044 (0.705  ± 0.039) at 14.09 T (11.74 T).



Relaxation Data

Obtained in two fields:

: 500 MHz
: 600 MHz



Order parameter – Flexibility

S2
av= 0.85

S = 1 rigid
S = 0 random
Mostly rigid

Flexible 
region



Exchange rate – Residues with low motion



Sausage representation of the backbone structure of TEP-I 

(a) Order parameter: (b) Exchange rate :
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The joy of Surprises The joy of Surprises –– The case of a The case of a 
HeparinHeparin--Binding Human HepatomaBinding Human Hepatoma--

Derived Growth FactorDerived Growth Factor
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First isolated from human hepatoma-derived Huh7 cells.

Mitogenic activities toward various cell lines, including 
fibroblasts, endothelial cells and smooth muscle cells.

Stimulates DNA synthesis in Swiss 3T3 cells and promote 
proliferation of renal epithelial cells, smooth muscle cells, and 
fetal hepatocytes. 

Involved in the development of vascular tissue, kidney and liver, 
and in lung remodeling after injury. Treatment of restenosis.

Human Hepatoma-derived Growth Factor (hHDGF)

The first member of a new family of heparin binding growth 
factors of important functions. 



NLS
1 100 ?

hath domain C-terminal domain

Properties of HRPs

The conserved “HATH” domain causes protein internalization.

The non-conserved C-terminal alone is capable of stimulating 
DNA synthesis but “HATH” domain alone can not.

PWWP

The HATH domain contains a PWWP motif implicated in 
protein-protein interactions.

All contain highly homologous N-terminal “HATH” (Homology 
to the Hmino Terminal of HHDGF) domain (100 a.a.) and 
varied C-terminal domains.

Nuclear localization signal
HMG-like (PXXP(PKRP,PSEP)

HRPs bind to heparin



Outline

1. Structure of hHDGF

2. hHDGF-heparin interaction. 

3. Heparin-binding and internalization

4. HATH-forms a dimer.

5. Model of HATH-dimer structure.



NLS
1 100 240

hath domain C-terminal domain

Structure of hHDGF (240 a.a.)

155 170
PWWP

12 68

15N-HSQC
spectrum



NLS
1 100 240

hath domain C-terminal domain

Organization of hHDGF (240 a.a.)
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Full length

N-terminal 1-100 (Hath) C-terminal (101-
240)

Ordered +
disordered

Ordered Disordered+



NLS
1 100 240

hath domain C-terminal domain

Structure hHDGF

PWWP
Nuclear localization signal
HMG-like (PXXP(PKRP,PSEP)

Ordered

HATH

Disrdered

Internalization DNA synthesis

1 100 240

Intrinsically disordered regulatory protein

Surprise #1 !!!



Solution Structure of HATH domain



Identification of heparin binding site.



SPR study of heparin binding to hHDGF fragments

[N100]

Binding of various fragments Binding of N100 at various conc.

Heparin binds primarily to the N-terminal domain HATH domain

KD = 30 ± 15 nM (N100)



Chemical shift perturbation



Residues perturbed Charge surface 
“+”: blue;  “-”: Red

Mapping the heparin binding surface



Docking of octasaccharide onto the binding surface

K61

K21

K74
K78 K80

R79

K19
K71

Accommodate an 
octasaccharide 

molecular



HATH domain forms a dimer

Surprises #2 !!!



Size exclusion chromatogram

Dimer

Monomer
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Masses of the two peaks are the same

Mass spectra

HATH forms dimer !

Is there any physiological consequence ?



Monomer

Dimer

Mixture

SPR of the Binding Affinities of Monomer & Dimer

Dimer binds to heparin with much higher affinity.
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 25nM N100B
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 50nM N100B
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For 1:1 langmuir binding with mass transfer

kon:   5.3+-0.1x106sec-1M-1

koff:   1.9+-0.1x10-3sec-1

KD:     3.7+-0.1x10-10 M

KD =  1.5 ± 0.1 mM (monomer) 

=  12.5 ± 1.5 nM (Dimer)

80 x difference !!!

Measuring binding constants



Identification of Dimer interface.



Identification of dimer interface by chemical shift differences
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Proposed Model:

Loop 23
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15N-Filtered experiment

Y10 K11  F17 A18 K19 M20 F32 A36 F48  D62 K70 K72 F73 G74 K75 R79 G81 F82  L86



AB

Residues detected by filtered experiments

Surprises #3 !!!



Time-dependent  Conversion of Dimer to Monomer

Dimer can dissociates into monomer but monomer cannot form 
dimer.

Dimer can be re-generated only after refold from denatured 



Energy diagram

DomainDomain--Swapping mechanism:Swapping mechanism:

Exchange of identical structural Exchange of identical structural 
element with the corresponding element with the corresponding 

element element 
in the other subunit of the dimerin the other subunit of the dimer

Characteristics :Characteristics :
Separated by a highSeparated by a high--energy energy 
barrier barrier 
A hinge loop adopting different A hinge loop adopting different 
conformations to help the conformations to help the 
interchangeinterchange
The monomer retains a similar The monomer retains a similar 
structure except in the hinge loop structure except in the hinge loop 
region.region.
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Proposal: Domain-swapping Model of HATH-dimer
(Strands 1 & 2 of chain 1 pair with strands 2,3 & 4 of chain 2 and vise vers

C1 -
- C2

|

N1 
|

N2 

Loop 23
(Chain 1)

Strands 
1 & 2

Loop 23
(Chain 2)



Top view

Heparin
Putative heparin

-binding Site
Side view

90o

Electrostatic surface
Swapped-dimer 

formation creates a 
heparin binding pocket



Summary

hHDGF is a modular protein with a structured N-terminal “hath”
domain and a disordered C-terminal domain. This property is likely 
to be common among all HRPs.

The structure of “hath” domain consists of a half β-barrel 
flanked by two helices, similar to those of the other PWWP 
domains

Hath domain is primarily responsible for heparin binding.

Hath domain forms dimer, possibly involving domain swapping.

Binding of hath domain to heparin is necessary for protein 
internalization

HATH dimer binds to heparin with much stronger affinity 
than that of the monomer.
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